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PREFACE
This thesis includes four complementary chapters, three of which were prepared
for publication in peer-reviewed scientific journals. I am the primary author for all
these published or under review manuscripts. I outline below my contributions and
the contributions of my co-authors to each of the manuscripts.
A version of Chapter 2 is published in Chemical Geology (Robert, G., Whittington,
A.G., Stechern, A., and Behrens, H., 2013. The effect of water on the viscosity of
a synthetic calc-alkaline basaltic andesite. Chemical Geology, 346, 135-148; Robert
et al., 2013), and reprinted here with permission from Elsevier. I am responsible for
the sample syntheses, sample characterization, analyses, and viscometry experiments.
I performed all data analysis, and prepared all figures and tables. Co-author Andre´
Stechern provided training with hydrous sample syntheses and high-pressure viscosity
experiments performed in Hannover, and performed a number of the hydrous sample
syntheses himself. Co-author Harald Behrens provided guidance with the synthesis
methods in Hannover, and editorial feedback on the manuscript prior to submission
and during the revision stages after peer-review. Co-author Alan Whittington pro-
vided training with synthetic sample synthesis at atmospheric pressure, and training
with parallel-plate viscometry experiments. Alan Whittington also provided exten-
sive help in the development of the experimental schedule and feedback on all drafts
of the manuscript prior to publication.
A version of Chapter 4 is published in the Journal of Non-Crystalline Solids
(Robert, G., Whittington, A.G., Stechern, A., and Behrens, H., 2014. Heat capacity
of hydrous basaltic glasses and liquids. Journal of Non-Crystalline Solids 390, 19-
30; Robert et al., 2014), and reprinted here with the permission of Elsevier. I am
responsible for sample syntheses, sample characterization, analyses, and calorimetry
measurements. I performed all data analysis, and prepared all figures and tables.
Co-author Andre´ Stechern provided training with hydrous sample syntheses, and
performed a number of the hydrous sample syntheses himself. Co-author Harald
Behrens provided guidance with the synthesis methods in Hannover, and some edi-
torial feedback on the manuscript prior to submission of the manuscript. Co-author
Alan Whittington provided training with synthetic sample synthesis at atmospheric
pressure. Alan Whittington also provided extensive help in the development of the
experimental schedule and feedback on all drafts of the manuscript prior to publica-
tion.
A version of Chapter 5 has been prepared for publication in Chemical Geology
(Robert et al., under review). I am responsible for the hydrous sample syntheses, the
synthesis of some of the samples containing F and F+H2O, the characterization of
hydrous samples, and viscosity measurements of hydrous samples. Co-authors Jaayke
Knipping and Stefanie Scherbarth synthesized all the of natural samples containing
multiple volatiles, did the sample characterization and analysis, and performed all of
the viscosity measurements on those samples. Co-author Timothy Robertson synthe-
sized one of the F-bearing Fe-free samples and performed the viscosity measurement
on it. I performed calorimetry measurements on all samples. Jaayke Knipping and
Stefanie Scherbarth wrote project reports that I based parts of the manuscript on.
I prepared all figures and tables. Co-author Andre´ Stechern provided training with
hydrous sample syntheses, and performed a number of the hydrous sample syntheses
himself. Co-author Harald Behrens provided guidance with the synthesis methods in
Hannover, and some editorial feedback on the manuscript prior to submission of the
manuscript. Co-author Alan Whittington provided extensive feedback on all drafts
of the manuscript prior to submission.
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ABSTRACT
Calc-alkaline basaltic magmas are volumetrically important at continental and
island volcanic arcs, yet their thermal and physical properties are poorly described.
These basaltic magmas are characteristically hydrous, and although they largely erupt
effusively they may also exhibit explosive behaviour. The quantitative description of
the viscosity and heat capacity of hydrous calc-alkaline basaltic liquids is the first step
needed in the accurate modelling of their behaviour, and ultimately in the modelling
of multi-phase magmas.
The viscosity and heat capacity of a suite of four calc-alkaline liquids, two basalts
and two basaltic andesites containing water or combinations of H2O ± F ± CO2, were
measured at superliquidus and supercooled conditions using parallel-plate, concentric-
cylinder, and falling-sphere viscometry techniques, and differential scanning calorime-
try techniques. The results highlight the compositional-dependence of the effects of
water (and other volatiles) on viscosity and heat capacity. Water’s effect on vis-
cosity gets smaller with increasing depolymerization. The same is true for fluorine.
Moreover, the effects of water and fluorine on viscosity are nearly additive, although
that of fluorine is less than that of water. Hydrous calc-alkaline basaltic liquids are
extremely fluid at eruption temperatures, and complete degassing from the magma
chamber to the surface only results in a small viscosity increase of the order of 10-100
times. The calorimetry results show that water has no effect on the heat capacity of
glasses, and that the configurational heat capacity at the glass transition gets larger
with increasing depolymerization and with increasing water content.
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Chapter 1
Introduction
1.1 Motivation
The transport of magmas is an important agent of mass and heat transfer within
the Earth. The efficiency of magma transport will control the differentiation of large
planetary bodies shortly after their formation, the scale and frequency of volcanic
eruptions, and the rheology of the lower crust during orogeny. In turn, the length-
and time-scales of magma transport from their source is dependent on their viscos-
ity. Crystallization in magmas leads to chemical changes in the residual melt, and
degassing removes volatiles from the melt, and these phase changes are associated
with enthalpy changes. Enthalpy changes due to degassing are probably close to
zero (Richet et al., 2004, 2006), but degassing can trigger crystallization (e.g., Sisson
and Grove, 1993; Moore and Carmichael, 1998; Cashman, 2004), an exothermic pro-
cess that will release latent heat. Magmatic processes therefore lead to potentially
1
important thermo-rheological feedbacks, and modelling of geologic processes at all
scales requires accurate quantitative constraints on transport and thermal properties.
In this work, I focus on the viscosity and heat capacity of hydrous basaltic melts
relevant to magmatism and volcanism at subduction zones.
1.2 Viscosity
1.2.1 Definition
Viscosity is the measure of a liquid’s resistance to flow and is defined as the ratio
of the stress applied to a sample to its deformation rate (strain rate). Viscosity has
units of Pa s. Rheology describes the response of a material to an applied stress.
Silicate melts have a Newtonian rheology over a wide range of strain rates, defined by
a linear stress response to strain-rate. Figure 1.1 shows the different types of time-
independent rheologies. At very high strain rates, however, silicate melts become
non-Newtonian and shear-thin (their viscosity decreases with increasing strain rate),
before eventually failing (Webb and Dingwell, 1990). Silicate melts are modelled as
Maxwell visco-elastic fluids (spring - dashpot in series) (e.g., Dingwell and Webb,
1989). The spring represents the instantaneous, recoverable elastic response of a melt
to applied stress, and the dashpot represents the viscous, non-recoverable flow as a
response to the applied stress.
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Figure 1.1: Stress-strain rate relashionships for common magma rheologies. The dashed
lines show the shear-thinning behaviour observed in silicate melts at very high strain rates
followed by failure.
The viscosity of silicate melts is temperature-dependent. The simplest temperature-
dependence of silicate melts is Arrhenian behaviour (e.g., pure SiO2), but most silicate
melts are non-Arrhenian and the rate of viscosity change with temperature increases
as temperature decreases and approaches the glass transition (e.g., Giordano et al.,
2008, and references therein). The glass transition is a kinetic (time-dependent) tran-
sition. At temperatures above the glass transition, melts can flow over the observa-
tional (or experimental) timescale, they are supercooled liquids. Supercooled liquids
are liquids that are at a temperature below their liquidus, but have not yet crys-
tallized because of slow kinetics. At temperatures below the glass transition, melts
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cannot flow on the observational timescale, they behave as amorphous solids. Arrhe-
nian melts are referred to as ‘strong’ and melts that deviate strongly from Arrhenian
behaviour are referred to as ‘fragile’ (Angell, 1985, 1991).
Viscosity is not only a function of temperature, but also of dissolved water content
and chemical composition. At fixed temperature, changing the SiO2 or alkali content
of a melt can make its viscosity vary by several orders of magnitude. Similarly, at
constant base chemical composition and temperature, the addition of water to a melt
can lower its viscosity by several orders of magnitude (Giordano et al., 2008, and
references therein).
1.2.2 Melt polymerization
Oxygen is the most abundant element in silicate melts. The silica tetrahedron consists
of one Si4+ cation in the centre and four oxygen atoms at the vertices, or corners.
Al3+ is also commonly tetrahedrally-coordinated, but requires charge-balancing via
one 1+-cation per Al-tetrahedron or one 2+-cation per two Al-tetrahedra. The silica
or alumina tetrahedra are the building blocks of aluminosilicate melts. They may
share corner-oxygens to form chains, sheets, or networks, and effectively polymerize.
The more corner oxygens are being shared between Si- or Al-tetrahedra, the more
polymerized a melt is. In melts, these polymers are not subject to the same rigidity
regarding bond lengths and angles as in silicate minerals, however. Moreover, this
apparent order is of short range only, and melts look the same in every direction,
on average, at any give time; they are isotropic. It is easy to imagine viscosity
increasing with the degree of polymerization (the amount of SiO2 or Al2O3, at first
approximation) of a melt. In highly polymerized melts, viscous flow may require
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bonds to stretch or break on top of the fact that larger polymeric units need to
move past one another. In less polymerized melts, these units are much smaller (the
smallest unit is the tetrahedron), and viscous flow should require much less energy.
Octahedrally-coordinated cations that are in excess of what is needed to charge-
balance any network-forming Al-tetrahedra are called network modifiers. Such cations
break the bridging oxygen bonds linking tetrahedra and depolymerize aluminosilicate
networks. A commonly-used measure of melt polymerization is obtained by the ratio
of non-bridging oxygens to tetrahedrally-coordinated cations (NBO/T, Mysen, 1988).
1.2.3 Experimental techniques
Three different viscometry techniques were used in this work: (i) parallel-plate vis-
cometry, (ii) concentric-cylinder viscometry, and (iii) high pressure falling-sphere vis-
cometry. The techniques and calibrations are detailed elsewhere (Getson, 2006; Get-
son and Whittington, 2007; Hellwig, 2006; Whittington et al., 2009b; Vetere et al.,
2006; Dav`ı et al., 2009), and they will only be outlined briefly here.
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Figure 1.2: Left panels show the parallel-plate viscometer, middle panels show the concentric-
cylinder viscometer, and right panels show the IHPV for the falling-sphere method. White
insets from top panels are expanded in the bottom panels, and show the details of the sample
assemblies for each method.
Parallel-plate
The parallel-plate viscometry technique is suited for the measurement of supercooled
liquids of relatively high viscosity, at temperatures above the glass transition. The
timescale of parallel-plate experiments is on the order of 100 s. The structural re-
laxation time of a melt is proportional to the relaxed Newtonian shear viscosity of a
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melt through the relationship:
τ =
η
G∞
(1.1)
where G∞ is the unrelaxed elastic shear modulus (a constant for silicate melts at
∼ 1010 Pa; Dingwell and Webb, 1990; Whittington et al., 2012). The viscometric
glass transition is therefore defined as the temperature at which the viscosity is 1012
Pa s, i.e., 102 s × 1010 Pa. The lower viscosity limit of the instrument is around 108
Pa s. The highest viscosity limit of the instrument is actually higher than the visco-
metric glass transition, and we have approached ∼1014 Pa s with exceptionally long
experiments. In the parallel-plate apparatus, the shear viscosity of a melt cylinder
is determined by measuring its height change with time, under constant load and at
constant temperature. The maximum temperature of measurement is 1000 ◦C, which
is a limit of the furnace and the parts of the viscometer that are made of silica glass.
The sample assembly consists of two parallel silica glass plates in between which a
cylinder of glass or natural rock with parallel ends orthogonal to the cylinder length
is placed. A thin platinum foil is placed between the silica plate and the sample at
each end, to avoid the sample sticking to the glass plates at the points of contact.
The bottom silica plate sits on a level surface holder, also made of silica glass, and
this assembly is lowered into a furnace for the experiment. A long silica glass load
road is lowered onto the top silica plate, and loaded outside the furnace with weights
totalling 1500 g. During the experiment a displacement transducer (LVDT) measures
the change in height of the sample against a stationary silica glass push rod keeping
the rest of the assembly from moving. Viscosity is calculated via the equation:
ηs =
mgh2
3V dh
dt
(1.2)
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where m is the mass applied to the sample (kg), g gravity (ms−2), h the sample height
(m), V the volume of the sample (m3), and t is time (s). The ratio mgh
V
gives the stress
(Pa) applied to the sample (force F=mg, area A=V
h
). The ratio h/dh
dt
is strain rate
(s−1). The factor of 3 converts the measured longitudinal viscosity (obtained from
uniaxial deformation) into a shear viscosity (a volume viscosity) that may be directly
compared with shear viscosities measured from concentric-cylinder or falling-sphere
techniques. This equivalence ηl = 3ηs is valid for all strain rates (in elongation) and
shear rates (in shear) for Newtonian fluids (Barnes et al., 1989; Dingwell and Webb,
1989). The definition of longitudinal viscosity is:
ηl =
σ
d∆l
l0
dt
(1.3)
where εl =
∆l
l0
, and σl = Eεl. E is Young’s modulus. During uniaxial deformation,
as the total length of the sample gets shorter, the surface area increases (at constant
volume). The relative variations in length and radius or area are expressed through
Poisson’s ratio:
µ =
∆d
d0
∆l
l0
(1.4)
In an isotropic material (such as a melt), the shear modulus, G, and the Young’s
modulus, E are related via:
E = 2(1 + µ)G (1.5)
If volume is constant during deformation, Poisson’s ratio, µ is 0.5 and ηl = 3ηs since:
E = 3G (1.6)
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σs = Gεs (1.7)
σs =
1
3
σl
εl
εs (1.8)
ηs =
1
3
σl
εl
εs
d
dt
εs
(1.9)
and so
ηs =
1
3
σl
d
dt
εl
(1.10)
Hydrous samples may be measured with the parallel-plate technique provided vis-
cosity is measured relatively quickly at temperatures not too high above the glass
transition, where water diffusivity is slower than the experimental timescale (e.g.,
Dingwell et al., 1996; Richet et al., 1996). Measurement accuracy is estimated to be
±0.1 log unit based on calibration of the instrument against standard borosilicate
glass NIST 717a.
Concentric-cylinder
The concentric-cylinder is suited for the measurement of relatively low viscosity sam-
ples above their liquidus temperatures. A concentric-cylinder or rotating spindle
viscometer measures the torque required to rotate a spindle inside a low-viscosity
melt held in a cylindrical crucible. The crucible of melt is inside a high-temperature
furnace and the long spindle is immersed in the melt, but controlled by the motor
hosted outside of the furnace. The range of viscosity that can be measured varies de-
pending on the immersion depth of the spindle inside the melt, the size and geometry
of the crucible and spindle, and on the strength of the viscometer head calibrated
spiral spring. Lowest viscosities can be measured with a larger diameter spindle and
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faster rotational speeds. Conversely, higher viscosity samples can be measured with
smaller diameter spindles and slower rotational speeds. Although the instrument
is calibrated against standard borosilicate melts (NIST 717a and NIST 710a) and
silicone oils of known viscosity for a given spindle geometry and immersion depth,
viscosity is always recalculated based on the measured immersion depth of the spindle
for a given experiment:
ηs =
τ
γ˙
(1.11)
where
γ˙ =
2r2c
r2c − r2s
ω (1.12)
and
τ =
M
2pir2sL
(1.13)
rc is the radius of the crucible, rs the radius of the spindle, ω =
2pi
60
N is the angular
velocity, N is the number of rotations per minute of the spindle, M is the torque, and
L the immersion depth.
Falling sphere
In the falling-sphere viscometry technique, the settling velocity (ν = ∆d/∆t) of a
sphere of known radius (r) and density is obtained by carefully measuring its settling
distance (∆d) in the liquid of interest, also of known or estimated density (∆ρ), for a
given experimental duration (∆t) (Holtz et al., 1999; Vetere et al., 2006; Whittington
et al., 2009b; Bartels et al., 2010). These experiments may be performed in internally
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heated pressure vessels (IHPV) at superliquidus temperatures and high pressures at
which the solubility of water is high (e.g., ∼6 wt.% at ∼300 MPa; Shishkina et al.,
2010). The effect of pressure on the viscosity of silicate melts is small compared to
that of temperature (Vetere et al., 2006), so falling-sphere viscometry results may
be extrapolated to obtain viscosity data on hydrous liquids over the full range of
geologically relevant temperatures. The viscosity is obtained via Stokes’ law:
η = 2g∆ρr2CF/9ν (1.14)
where g is gravity. CF is the Faxen correction (Faxen, 1923), which accounts for wall
effects on the sphere during settling:
CF = 1− 2.104
( r
R
)
+ 2.09
( r
R
)3
− 0.95
( r
R
)5
(1.15)
The cylinders used in the IHPV experiments are typically long enough (20-25 mm)
so that end effects can be ignored (Holtz et al., 1999). The fraction of sphere settling
time spent at terminal velocity is maximized by using longer duration experiments. If
experimental duration has to be short (less than 10 minutes), it is possible to use two
spheres of different sizes and densities in the same experiment to obtain two indepen-
dent viscosity measurements simultaneously. If both viscosities obtained match, then
it can be confidently assumed that terminal velocity was achieved quickly for both
spheres. However, if only one experiment is performed at a given temperature, the
calculated viscosity is a maximum viscosity as the falling distance is smaller than if
the sphere were falling at terminal velocity for the total duration of the experiment.
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1.3 Heat capacity
1.3.1 Definition
The heat capacity of a material is defined as the energy required to increase its
temperature by a given amount. A material with high heat capacity will require a
lot of energy to increase its temperature. Heat capacity is an extensive property,
and is proportional to the quantity of matter considered. In order to compare the
heat capacity of different materials, the heat capacity has to be referred to a unit
mass or to a mole of the material. It then becomes an intensive property, and is
referred to as ‘specific heat capacity’ or ‘molar heat capacity’. Specific heat capacity
has units of J/g/K or J/g atom/K and molar heat capacity of J/mol/K. Specific and
molar heat capacities are related via the molar mass of the material, the gram-formula
weight, denoted ‘gfw’. Although we use “heat capacity” for simplicity throughout this
document, we report specific or molar heat capacity, and always specify the units. In
the case of the molar heat capacity, we report the heat capacity per mole of oxides.
Moreover, the heat capacity we report is at constant pressure (1 atm), and is therefore
denoted CP .
The heat capacity of aluminosilicate glasses increases from room temperature to
the glass transition. The heat capacity of a glass, like for that of any solid, only
reflects the increase in the vibrational energy. Generally, the heat capacity of alumi-
nosilicate glasses asymptotically approaches the Dulong-Petit harmonic limit of 3R/g
atom, representing full saturation of all vibrational modes in a solid, near the glass
transition (Haggerty et al., 1968). Notable exceptions to this behaviour are hydrous
aluminosilicate glasses, which may go through the glass transition before reaching
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this theoretical limit (e.g., Bouhifd et al., 2006, 2013). At the glass transition, a large
increase in heat capacity is observed over a very small temperature interval, and the
heat capacity of the supercooled liquid is significantly higher than that of the glass
at the same temperature. This is because the heat capacity of liquids includes a con-
figurational component in addition to the vibrational component. With increasing
temperature, atoms or stuctural units in the liquid have access to an increasing num-
ber of configurations, and configurations of higher potential energy (Richet, 2001).
1.3.2 Differential scanning calorimetry
Measurements of the heat capacity of glasses and melts were performed using the
Differential Scanning Calorimetry (DSC) technique. In DSC, a sample in a sample
cup and an identical, but empty, reference cup are heated either in separate power-
compensated furnaces, or in the same furnace with each cup monitored by its own
differential thermocouple, at a controlled rate, and the differential heat flow between
the two materials is recorded.
The DSC instrument is calibrated for temperature by melting a series of metals of
known melting point at the same heating rate that will be used in the experiments.
This calibration is quite stable and unlikely to change significantly over time and
therefore needs to be performed only periodically (e.g., every few months). A calibra-
tion of heat flow is performed with each experiment, by using a reference material of
known heat capacity, usually α-Al2O3. The heat curve of the sample is then ratioed
against the heat curve of the α-Al2O3 standard to obtain:
CsampleP =
∆Psample−baseline ×mα−Al2O3
∆Pα−Al2O3−baseline ×msample
Cα−Al2O3P (1.16)
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where ∆Psample−baseline and ∆Pα−Al2O3−baseline are the differences in power measured
between the sample and the baseline, and the α-Al2O3 standard and the baseline,
respectively. Cα−Al2O3P is the known heat capacity of the standard, and mα−Al2O3 and
msample are the masses of the standard and sample, respectively.
1.3.3 Partial molar properties of water
The partial molar volume of water in silicate glass (V¯ glassH2O ) and the partial molar heat
capacity of water in silicate glass (C¯P
glass
H2O
) and liquid (C¯P
liquid
H2O
) will be extracted from
density and heat capacity measurements on hydrous glasses and melts.
The partial molar value of a given extensive property, Z, with respect to compo-
nent i, is defined as:
Z¯ =
(
∂Z
∂ni
)
T,P,nj
(1.17)
where T is temperature, P is pressure, and nj represents the moles of all other
components. Z¯ is the partial derivative of extensive property Z with respect to the
moles of the component of interest i. On a graph of extensive property Z vs. the
number of moles of component i, the slope of the tangent at a given number of moles
of i defines Z¯.
The partial molar properties of water may also be extracted from intensive prop-
erties, namely the molar volume and the molar heat capacity. In this case, the molar
property, Z, is plotted against the mole fraction of the component of interest, Xi.
The partial molar value of component i at a given mole fraction is the intercept at
a mole fraction of 1 of the tangent to the data at the mole fraction of interest, as
illustrated in Figure 1.3.
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Figure 1.3: Graphical definition of the partial molar volume of water in silicate glass. Molar
volume of dry and hydrous silicate glasses against the mole fraction of water contained in
the glasses. Vdry is the molar volume of the anhydrous end-member, VpureH2O is the molar
volume of pure water. If anhydrous silicate glass and pure water mix ideally, the volume
of the mixture is defined by the straight line labelled ‘ideal mixing’. The data show this is
not the case. At progressively higher mole fractions of water in the mixture, the mixture
may not be described as hydrous silicate glass anymore, but rather as a gel, and at higher
mole fraction of water still, as a suspension of silicate in water. Black circles reprensent
real data. The actual volume of mixing over the whole range of mole fractions of water
may perhaps look like the curve labelled ‘?’. The partial molar volume of water in hydrous
silicate glass, i.e., over mole fractions of water for which the mixture can still be defined as
hydrous glass, is the intercept at a mole fraction of 1 of the tangent to the data.
In subsequent chapters, we extracted the partial molar volume and heat capacity
of water in glass and liquids as exemplified in Figure 1.3.
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1.4 Calc-alkaline volcanism
Calc-alkaline magmas are volumetrically important and define a trend of increasing
SiO2 and alkalies (or of Fe and Mg depletion) from basalt to rhyolite. These magmas
are erupted at continental or oceanic volcanic arcs, and are sourced from flux melting
of the asthenospheric mantle above subducting oceanic lithosphere. A continental
arc volcano may erupt a single composition or its eruptive products may vary over
time. Magma compositions erupted in a single volcanic arc (e.g., Central American
arc) can vary spatially and temporally. Importantly, volcanic arc magmas always
contain abundant volatiles – water is quantitatively the most important and can be
up to 6-7 wt.% (e.g., Sisson and Layne, 1993; Zimmer et al., 2010). The calc-alkaline
differentiation trend is largely attributed to the presence of H2O in arc settings,
combined with higher fO2 . Higher water and oxygen fugacity suppress plagioclase
crystallization, favour the crystallization of less polymerized oxides such as spinel
over silicates, and stabilize amphiboles at H2O >4 wt.% (see Zimmer et al., 2010, for
review and discussion).
1.4.1 Fuego volcano
The Guatemala volcanic arc is a segment of the Central American volcanic arc ex-
tending from Guatemala to Costa Rica. The Cocos Plate, produced at the East
Pacific Rise, subducts beneath the Caribbean Plate at the Middle America Trench
(Figure 1.4).
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Figure 1.4: Tectonic setting of the Guatemala volcanic arc from (Modified after Vogel et al.,
2006).
Three of the Guatemala arc’s 8 volcanoes with known Holocene eruptions are
currently active: Santa Maria, Pacaya, and Fuego volcanoes. Samples from Fuego
volcano were used for this study. Additionally, analogue sample compositions were
modelled after samples from Fuego and Pacaya reported in the Central American
geochemistry database (e.g., Carr et al., 2014). Figure 1.5 shows the compositions of
samples from the active Guatemala arc. Pacaya and Fuego samples mostly cluster in
the basalt and basaltic andesite fields. Both Pacaya and Fuego have a tholeiitic index
<1 according to the definition of Zimmer et al. (2010) and define a calc-alkaline trend
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on the AFM discrimination diagram (Figure 1.6).
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Figure 1.5: TAS diagram for the currently active Guatemala volcanoes. The diagram also
shows the four samples measured in this work: fu06, fu18, sb, and sba. Samples fu06 and
fu18 are natural and were both collected on Fuego volcano. Samples sb and sba are Fe-
free synthetic analogues to naturals samples included in the Central American geochemsitry
database.
Fuego is a 3800 m stratovolcano that is the youngest of a cluster of four volcanoes
(the other three currently inactive). Fuego produces small ash and bomb eruptions
multiple times daily. It also produces effusive lava flows that can be active for months
to a year. The lava flows often collapse and produce block-and-ash or pyroclastic flows
due to the steep slopes near the vent. Fuego can also erupt more violently, producing
high ash columns and larger pyroclastic density currents. The largest of such episodes
in recent history occured in 1974 and lasted 10 days. It produced pyroclastic flows and
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a long lava flow. Although historical eruptive products at Fuego have been basaltic,
prehistoric lavas were andesitic (Chesner and Rose, 1984; Global Volcanism Program,
2014).
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Figure 1.6: AFM discrimination diagram showing the trend defined by samples from Pacaya
(open squares) and Fuego (open circles) volcanoes.
1.4.2 Volatiles
Volatiles are introduced in volcanic arc magmas from fluids released from the sub-
ducting oceanic slab. As mentioned above, water is the most abundant volatile in
these systems, but CO2, S, and F, among others, are usually also present in traces
to perhaps wt.% levels. The main focus of this work is to quantify the effect of H2O
on viscosity and heat capacity for calc-alkaline mafic melt compositions. Water al-
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ways reduces the viscosity of aluminosilicate melts, although its effects are strongly
dependent on silicate composition. The viscosity-reducing potency of water depends
on the mechanisms of its solution and speciation in the melts.
1.5 Thesis structure
This thesis comprises two chapters on the viscosity of hydrous calc-alkaline mafic
melts (Chapters 2 and 3), one chapter on the heat capacity of these melts (Chapter
4), and finally, a chapter on the viscosity and heat capacity of calc-alkaline basaltic
melts containing multiple volatiles (Chapter 5). In the following two chapters, I
quantify the effects of water on viscosity, in the fourth I quantify the effect of water
on heat capacity, and in the fifth chapter I test the additivity of the effects of multiple
volatiles on viscosity and heat capacity. The final chapter of this thesis summarizes
the main findings and outlines futures avenues of research.
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Chapter 2
The effect of water on the viscosity
of a synthetic calc-alkaline basaltic
andesite1
2.1 Introduction
Arc volcanism is synonymous with spectacular, destructive behaviour (e.g., Mt. Pinatubo,
Vesuvius, Krakatau), and explosive basaltic volcanism is now recognized as a signifi-
cant threat that poses a hazard to millions of people in many countries (e.g., Roggen-
sack et al., 1997; Coltelli et al., 1998). Arc magmas may contain significant amounts of
dissolved volatiles, which in large part drive explosive volcanic activity. Water is the
most abundant volatile (Behrens and Gaillard, 2006; Carroll and Holloway, 1994, and
references therein), and water contents in arc magmas may exceed 6 wt.% (Sisson and
1Robert, G., Whittington, A.G., Stechern, A., and Behrens, H., 2013. The effect of water on the
viscosity of a synthetic calc-alkaline basaltic andesite. Chemical Geology, 346, 135-148. Reprinted
with permission from Elsevier.
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Layne, 1993). There is ample research showing the dramatic effect of dissolved water
in reducing the viscosity of rhyolitic magmas (Dingwell et al., 1996; Hess and Ding-
well, 1996; Schulze et al., 1996), and violent degassing upon ascent makes rhyolitic
volcanic eruptions very explosive. While basaltic volcanoes erupt less evolved, more
primitive lavas, they may also display explosive behaviour (Roggensack et al., 1997;
Houghton et al., 2004; Coltelli et al., 1998; Burton et al., 2007), and their eruptive
products are widely varied with respect to rheology; volcanic ash and bombs, tephra,
aa and pahoehoe lava flows span the range from explosive to effusive (e.g., Ripepe
et al., 2005; Giordano et al., 2007; Harris and Rowland, 2009; Giordano et al., 2010).
Moreover, all these types of deposits may exhibit various degrees of crystallinity and
vesicularity. Water has a strong influence on magma transport and dynamics due
to its effects on melt properties and phase relations. These effects coupled with the
strong dependence of water solubility on pressure result in complex feedback relations
during crystallization of magma in magma chambers, ascent in volcanic conduits, and
eruption of volcanic products. The wide variety of magmatic and volcanic products
at arc volcanoes is in part due to the effects of water on melt properties. A quantita-
tive understanding of the physical and thermodynamic properties of basaltic magma
and of the effects of H2O on those properties is essential for modelling magma cham-
ber and conduit processes that cannot be observed directly, and are most commonly
interpreted from geochemical and textural signatures.
Calc-alkaline basalt and basaltic andesite eruptive products are volumetrically
more important than their better-studied alkalic counterparts in arc settings, and are
expected to be more viscous (Whittington et al., 2001) and hence potentially more
explosive. Few calc-alkaline melts of andesite and basaltic andesite composition have
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been investigated for the effects of water on viscosity. Vetere et al. (2008) studied
an Fe-bearing synthetic melt based on an andesite from Unzen volcano, Japan (V08;
see Figure 2.1), focusing on the effect of the oxidation state of iron on its viscosity
at different dissolved water contents. Most of their measurements were obtained at
high temperatures, using the falling-sphere method, and all measurements were ob-
tained at pressures of 200 MPa or greater. Persikov (1991) measured the viscosity of
a natural hydrous basaltic andesite lava from Klyuchevskoy volcano, Kamtchatka, at
superliquidus temperatures only (P91; Figure 2.1). Other investigated mafic compo-
sitions are at higher alkali contents than typical arc compositions (e.g., Misiti et al.,
2009; Giordano and Dingwell, 2003; Vetere et al., 2007).
We present here the results of a comprehensive viscometry study over a wide
range of temperatures and water contents (dry to 3.76 wt.% dissolved H2O) on an
Fe-free analogue to a calc-alkaline basaltic andesite from Pacaya volcano, Guatemala.
This is the first part of a broader study on the rheology of magmas at Pacaya and
Fuego. Pacaya volcano currently mostly produces lava flows, but occasionally erupts
explosively producing ash columns and ejecting tephra and volcanic bombs. The
latest of such explosive eruptions occurred in May 2010; the ash disrupted air traffic
at the Guatemala City international airport, and tephra, ash and volcanic bombs
damaged coffee plantations and buildings in nearby communities (Global Volcanism
Program, 2010). The active Guatemalan volcanoes provide an ideal laboratory to
study the effects of water on the rheology of calc-alkaline arc magmas.
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Figure 2.1: a: Total alkali vs. silica diagram showing the compositions of eruptive products
from the Guatemala arc volcanoes Pacaya and Fuego in grey. The natural composition serv-
ing as the base for the Fe-free synthetic basaltic andesite sba (black square) is labelled VP743
(open square). Two natural basaltic andesites for which we report preliminary viscosity data
are also plotted: pa08 (Pacaya) and fu18 (Fuego). The black triangles are related compo-
sitions for which viscosity data on hydrous melts was obtained in previous studies. P91:
(Persikov, 1991); L03 and L03∗: (Liebske et al., 2003); GD03: (Giordano and Dingwell,
2003); V06: (Vetere et al., 2006); V07: (Vetere et al., 2007); V08: (Vetere et al., 2008);
W09: (Whittington et al., 2009b); M09: (Misiti et al., 2009). b: Same melts as in a rep-
resented in terms of network-former (NF = SiO2 + Al2O3 + TiO2), alkali (1+ = Na2O +
K2O), and alkaline earth oxides (2+ = MgO + CaO). P91 is calculated assuming all Fe as
Fetotal; P91
∗ is plotted using the published Fe oxidation ratio.
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2.2 Experimental methods
The synthetic basaltic andesite composition (henceforth ‘sba’) is modelled after a
natural lava composition from Pacaya volcano, compiled in the Central American
Geochemistry database (sample VP743; Bolge et al., 2009; Carr et al., 2007b,a). To
simplify the system and to avoid problems of crystallization and varying oxidation
state during experiments, the synthetic samples are Fe-free. All the Fe, expressed as
FeOtotal, was replaced by MgO on a molar basis. Note that, on a weight basis, the
Fe-free composition is shifted to higher silica contents on a total alkali-silica (TAS) di-
agram simply because of the relative weights of FeO and MgO. This method preserves
the NBO/T of the original composition (assuming all Fe as FeO; Table 2.1). The re-
sulting basaltic andesite analogue is intermediate in SiO2 content between previously
studied M09 (Stromboli high-K basalt; Misiti et al., 2009), P91 (Apokhonchich basalt;
Persikov, 1991) and V08 (Unzen andesite; Vetere et al., 2008) on a calc-alkaline trend
in TAS space (Figure 2.1).
The base composition sba was hydrated in Internally Heated Pressure Vessels
(IHPV) at the Institut fu¨r Mineralogie of the Leibniz Universita¨t Hannover. The dry
sba glass was crushed and sieved to obtain size fractions of <100 µm and 100<x<200
µm that were subsequently mixed in a 1:1 ratio. Distilled water was added in a
stepwise fashion to the dry sba powder in Pt capsules of 6 mm internal diameter
and ∼30 mm in length. The glass powder was compacted at each step using a metal
piston. Hydrous glass synthesis conditions are reported in Table 2.2. After synthesis,
cores of ∼4 mm in diameter were drilled out of the Pt capsules or the hydrated
glass cylinders were simply unwrapped if they had retained a cylindrical shape after
synthesis.
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Table 2.2: Synthesis conditions for hydrous glasses
Sample Nominal water Duration T PAr Capsule Quench
number (wt.% H2O) (h) (
◦C) (kbar) material techniquea
sba-10 0.5 16 1400 3 Pt NQ
sba-11 1 16 1400 3 Pt NQ
sba-04 2 16 1250 5 Pt NQ
sba-15 2 16 1250 3 Pt NQ
sba-03 3 16 1250 5 Pt NQ
sba-07 4 16 1250 3 Pt RQ
sba-18 4 16 1250 3 Pt NQ
a NQ: normal quench (initial rate of∼ 200K/min); RQ: rapid quench (initial
rate of ∼ 150K/s).
2.2.1 Sample characterization
Density and water content was measured for each sample, pre- and post-viscometry
(Table 2.3). Density of each glass core is measured by the Archimedean method, using
ethanol as the immersion liquid. Water content of the glasses is measured using a com-
bination of two techniques: Karl-Fischer titration (KFT; Behrens et al., 1996) and
Fourier Transform Infrared spectroscopy (FTIR) spectroscopy. FTIR spectroscopy
measures the absorbance of the stretching or combined stretching and bending vibra-
tion peaks of molecular and hydroxyl water species. The position of these peaks in the
Near InfraRed (NIR) are well known and are ca. 5200 and 4500 cm−1 for molecular
H2O and OH bands, respectively. In the Middle InfraRed (MIR), required for low
water content samples, there is a OH-H2O peak at 3550 cm
−1 and the molecular H2O
peak is at 1630 cm−1 (Stolper, 1982; Behrens and Stuke, 2003; Tamic et al., 2001).
Translation of FTIR peak heights into water concentrations requires an independent
calibration of the absorption coefficients for the silicate composition investigated.
This can be achieved by measuring the bulk water content of glasses by KFT of the
water released during thermal dehydration (see Figure 2.2; Behrens and Stuke, 2003).
We obtained ε3550 = 67 ±3 Lmol−1cm−1, ε4500 = 0.67 ±0.03 Lmol−1cm−1, and ε5200
= 0.71 ±0.03 Lmol−1cm−1.
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Figure 2.2: a: Normalized absorbance of the 3550 cm−1 band vs. water concentration in
the glasses measured by KFT. Representative MIR spectra for the corresponding samples
are shown in b. The features observed in the spectra at ca. 2350 cm−1 originate from
differences in atmospheric CO2 between the collected background and sample spectra. c:
Calibration plot for the determination of the absorption coefficients (ε) for the 4500 and
5200 cm−1 bands. Examples of NIR spectra for the corresponding samples are shown in d.
See Table 2.2 for corresponding samples.
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For water determination by KFT, 10-20 mg of sample was placed into an open
platinum crucible and heated from room temperature to 1300 ◦C. Samples were held at
temperature for ∼6 to 8 minutes. The water released during heating is transported by
an Ar flux to a titration cell with an electrolytic solution. Electrolytically-generated I2
reacts with the released H2O, and the amount of water reacted is directly proportional
to the quantity of electrons required to produce the I2 used in the reaction. The details
of the water determination procedure can be found in Behrens et al. (1996). The
uncertainty in the water determination was estimated on the basis of the uncertainty
of the titration rate which is 0.2 µg/s (Behrens et al., 1996). Water extraction in
basaltic glasses is expected to be relatively effective (Behrens et al., 2004; Shishkina
et al., 2010); we therefore do not correct the KFT data for unextracted water, but
instead consider an additional uncertainty of ±0.1 wt.% in the calculations.
FTIR measurements were performed on doubly polished wafers using a Bruker
IFS88 FTIR spectrometer combined with an IR-ScopeII microscope. A globar light
source and KBr beamsplitter, with spectral resolution of 2 cm−1 was used for MIR; for
NIR, a W lamp and CaF2 beamsplitter, with spectral resolution of 4 cm
−1 was used.
A MCT narrow range detector was used for both MIR and NIR. The microscope and
the sample were flushed with dry air to minimize the effect of atmospheric carbon
dioxide on the water spectra. For each spectrum 50 to 100 scans were collected from
spots with sizes of about 50 × 50 µm. For every sample 3 to 5 spectra were collected
in different parts of the glass piece to check for homogeneity of volatile distribution.
We used a digital micrometer to obtain wafer thickness to a precision of ±2 µm;
the average of 3 thickness measurements on every sample chip mounted was used as
sample thickness. Samples with nominal water contents between 0 and 1 wt.% were
measured in the MIR on wafers polished down to ∼55-60 µm. Samples with nominal
water contents of ∼1-4 wt.% were measured in the NIR on wafers polished down to
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∼290-300 µm.
The major-element compositions of the dry glasses studied were measured by
electron microprobe (Cameca SX-100). An accelarating voltage of 15 KeV, a beam
current of 4 nA, and a beam diameter of 20 µm were used. The compositions of
the sba, fu18, and pa08 dry glasses listed in Table 2.3 represent the average of 30
analyses. The iron oxidation ratio of the dry glasses was measured following the
procedure described in Schuessler et al. (2008). About 5 mg of glass was used for the
analysis of each sample.
2.2.2 Parallel-plate viscometry
Viscosity in the low-temperature range was measured on cylindrical cores of dry and
hydrated calc-alkaline basalt and basaltic andesite melt in the parallel-plate viscome-
ter. The parallel-plate viscometry technique is suitable for measuring viscosities in
the 108.5 to 1013 Pa s range, at temperatures up to 1000 ◦C. This technique measures
the rate of shortening of a high-viscosity melt under a constant load and viscosity is
obtained through the relation (Gent, 1960):
η =
σ
3dln(l)
dt
(2.1)
The parallel-plate viscometry technique is restricted to temperatures below those at
which eruptions occur and is performed at room pressure, where the solubility of water
is small (∼0.1 wt.%). Parallel-plate experiments on hydrous samples must therefore
be performed quickly in order to minimize water loss from the sample. Precision
is about 0.04 log units based on repeat measurement and the instrument accuracy
is about ±0.06 log units, determined by comparison with NIST certified reference
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standards (Whittington et al., 2009b) of similar size to the samples used in this study
(cylindrical cores with diameter ∼5 mm and length ∼10 mm).
2.2.3 Concentric-cylinder viscometry
Viscosity in the high-temperature range (η = 1 to 105 Pa s) was measured on dry
melts in the concentric-cylinder viscometer. This viscometry technique measures the
torque required to rotate a spindle inside a low-viscosity melt and is calibrated using
NIST standards. Measurements were carried out using the procedure described by
Getson and Whittington (2007) with estimated uncertainties of less than 0.04 log
units. The low temperature limit of the concentric-cylinder technique is the liquidus
temperature of the melt investigated.
2.2.4 Falling-sphere viscometry
Obtaining high-temperature measurements of viscosity on hydrous samples requires
high pressure to keep water dissolved during the whole measurement. Falling-sphere
viscometry may be performed at superliquidus temperatures and high pressures at
which the solubility of water is high (e.g., ∼6 wt.% at ∼300 MPa for arc tholeiite;
Shishkina et al., 2010). The effect of pressure, up to 1 GPa, on the viscosity of silicate
melts is small compared to that of temperature (Wolf and McMillan, 1995), so falling-
sphere viscometry results may be merged with parallel-plate results obtained at 1 bar
to obtain viscosity data on hydrous liquids over the full range of geologically relevant
temperatures, from magmatic to eruption.
The technique is based on Stokes law for terminal settling velocity of a particle:
ν = 2g∆ρr2/9η (2.2)
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The settling velocity (ν = d/t) is obtained by carefully measuring the settling distance
(d) in a molten liquid of a platinum, palladium or corundum sphere of given radius
(r) and known density relative to the melt (∆ρ) for a given experimental duration
(t). The settling distance is measured in the quenched glass and is actually slightly
smaller than the falling distance in the melt. This results in a systematic error in
viscosity of a few percent. Equation 2.2 may be rearranged to obtain viscosity:
η = 2gt∆ρr2CF/9d (2.3)
where all variable are as in Equation 2.2 and CF refers to the Faxen correction ac-
counting for the boundary effects on the settling velocity of the sphere (Faxen, 1923).
Densities at high-temperature are calculated using the model of Lange (1997) for
density of silicate liquids.
Falling-sphere viscometry experiments were carried out at 300 MPa between tem-
peratures of 1100 and 1250 ◦C. Heating and cooling were isobaric and heating rates
of 80 K/min were used. Temperature variations across the sample were always less
than 10 K. Normal quench (∼200 K/min initially and ∼100 K/min in the glass tran-
sition range) was used in all experiments. Quenching was achieved by simply turning
the power to the furnace off. Experimental conditions and durations are provided in
Table 2.4. We performed falling-sphere experiments in 6 mm-diameter Pt or AuPd
capsules. Large diameter capsules minimize boundary effects on the settling velocity
of the sphere. In our experimental runs the Faxen correction was 0.95 (Pt sphere
of 134 µm in diameter) and 0.83 (corundum sphere of 500 µm in diameter) for sba-
15 and 0.94 (Pt sphere of 167 µm in diameter) for sba-18. Effective duration for
each experiment accounting for sphere settling during heating and cooling ramps was
estimated following the procedure described by Vetere et al. (2006).
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2.3 Experimental results
Homogeneity of water dissolution in the sample was verified by measuring the water
content of glass chips from the top and the bottom of each sample when possible.
Water contents before and after parallel-plate viscometry are very similar (Figure
2.3) and show that no significant water loss occurred during the measurements. Wa-
ter contents reported for each viscosity experiment or sample represent an average
of pre-viscometry water contents by KFT on both ends of the hydrous glasses syn-
thesized and of the post-viscometry water content also measured by KFT (see Table
2.3). Examples of the MIR and NIR spectra collected on the pre-viscometry glasses
are provided in Figure 2.2b and d, respectively, and show the expected increase in
absorbance with increasing water content. The spectra are offset for clarity.
Density and water content measurements pre- and post-viscometry confirm that
the water content was unchanged after experiment and water was homogeneously
distributed in the sample. Good agreement of IR measurements at the rim and the
centre of the samples after viscometry suggest that water-depleted rims near the
surface (if present) extend at most a few micrometers into the samples.
Figure 2.4 shows the calculated molar volume of the anhydrous and hydrous glasses
used in this study. Extrapolating the measured volumes to a mole fraction of water
of 1 yields a partial molar volume of 12.9 and 10.6 cm3/mol for relaxed (post-) and
compressed (pre-viscometry) hydrous basaltic andesite glasses, respectively. This is
consistent, within measurement uncertainty, with the values of 12 cm3/mol obtained
for hydrous silicates of a wide range of compositions (mafic to felsic, low to high alkali
content) presented by Richet et al. (2000).
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Figure 2.3: Water content of each sample pre- and post-parallel-plate viscometry as measured
by KFT.
Concentric-cylinder viscosity results at ambient pressure are reported in Table
2.4 and Figure 2.5. Measurements were made over a range of ∼300 degrees from
∼1560 ◦C down to near liquidus temperatures (∼1275 ◦C) for the Fe-free basaltic
andesite. Multiple shear rates were applied at each temperature to verify Newtonian
behaviour; reported viscosity values are averages over 2 or 3 different shear rates.
Parallel-plate viscosity results at ambient pressure on dry and hydrous melts are
reported in Table 2.5 and shown in Figure 2.5. A minimum of 4 data points were
collected for each water content. Measurements of anhydrous viscosity were performed
on two different cores, and measurements of hydrous viscosity on one core only. The
trends in viscosity for each sample show Arrhenian behaviour over that temperature
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range; this is consistent with no detectable water loss having occurred during the
experiments. Dissolved water strongly reduces the viscosity of the basaltic andesite
and the effect of dissolved water on viscosity is greater for the first wt.% H2O added
(e.g., ∼125 ◦C reduction in T12, the temperature at which the viscosity is 1012 Pa s
for 1 wt.% dissolved H2O equivalent to a 4 order of magnitude reduction in viscosity
at 713 ◦C).
VH2O
post = 12.9 
10 
12 
14 
16 
18 
20 
22 
24 
0.0 0.2 0.4 0.6 0.8 1.0 
V 
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m
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sba post 
VH2O
pre = 10.6 
Figure 2.4: Molar volume of hydrous sba glasses pre-viscometry (compressed glasses; closed
symbols) and post-viscometry (relaxed glasses; open symbols). Extrapolation to a mole frac-
tion of water of 1 gives estimates of the partial molar volume of water in Fe-free synthetic
basaltic andesite. Uncertainty in molar volume is smaller than sample size.
At superliquidus conditions, the addition of 2 wt.% H2O (sample sba-15) results
in a viscosity reduction of a factor of ∼5-8, equivalent to a temperature change of
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∼170 ◦C for a viscosity of 102 Pa s (Figure 2.5). Sample sba-15 contained two spheres
(Pt and corundum) and thus two viscosity measurements could be made during one
experiment. This gives an estimate of the uncertainty on falling-sphere viscosity mea-
surements resulting from uncertainties in falling distance. Crystals had nucleated on
the corundum sphere in sample sba-15 after the viscosity experiment, but the esti-
mated viscosities using the corundum and the Pt spheres are within 0.1 log unit of each
other, similar or less than differences observed in other studies for similar procedures
(Vetere et al., 2006, 2008; Misiti et al., 2009). The relatively good agreement of the
viscosity obtained for two different spheres and the short duration of our experiments
do not suggest significant dissolution of the corundum sphere leading to a change in
melt composition. This also suggests that the crystals surrounding the sphere formed
during quench, and did not affect the viscosity measurement. Our viscosity data show
that, for basaltic compositions as for silicic systems, water has a much greater effect
on viscosity at low temperatures than at superliquidus temperatures.
The water content of sample sba-18 is not very well constrained. Sample sba-
18 was synthesized with a nominal water content of 4 wt.%, which KFT and IR
analyses confirmed. However, problems with Pt capsules rupturing during falling-
sphere experiments resulted in weight loss and gradients in water content developed in
the sample. Weight loss, KFT, and IR spectroscopy confirmed that post-experimental
water contents were between ∼3.5 and 2.3 wt.% H2O and inhomogeneous. While
the data are consistent with viscosity values expected for 2-3 wt.% dissolved H2O
(see Discussion section), we do not use these data in modelling due to the large
uncertainties in actual water content.
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Figure 2.5: Viscosities of anhydrous and hydrous sba liquids against reciprocal temperature.
Numbers refer to water contents measured by KFT. Falling-sphere data for sample sba-18
are shown in grey due to uncertainties in water content (see Section 3.4). Dashed lines:
calculated viscosity using Equation 2.6.
2.4 Parameterization of hydrous basaltic andesite
liquid viscosity
2.4.1 Individual fits
The temperature-dependence of viscosity for individual samples may be obtained
from Vogel-Fulcher-Tammann (VFT) equations, of the form:
log(η) = A+B/(T − C) (2.4)
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Table 2.5: Low-temperature viscosity data
wt.% H2O T (
◦C) T (K) log η (Pa s) ordera sample
dry 677.9 951.1 13.70 4b sba-02
dry 691.2 964.4 12.94 3b sba-02
dry 710.4 983.6 12.27 6a sba-01
dry 719.5 992.7 11.85 5a sba-01
dry 725.1 998.3 11.62 5b sba-02
dry 729.8 1003.0 11.45 4a sba-01
dry 735.5 1008.7 11.21 7a sba-01
dry 739.1 1012.3 11.09 3a sba-01
dry 745.6 1018.8 10.83 8a sba-01
dry 750.6 1023.8 10.65 9a sba-01
dry 755.7 1028.9 10.47 10a sba-01
dry 758.1 1031.3 10.39 6b sba-02
dry 761.4 1034.6 10.28 1a sba-01
dry 766.5 1039.7 10.11 1b sba-02
dry 771.4 1044.6 9.97 2a sba-01
dry 779.5 1052.7 9.69 2b sba-02
0.50 636.7 909.9 11.62 6 sba-10bottom
0.50 646.3 919.5 11.18 4 sba-10bottom
0.50 655.2 928.4 10.86 5 sba-10bottom
0.50 660.0 933.2 10.69 7 sba-10bottom
0.50 673.4 946.6 10.19 2 sba-10bottom
0.50 679.0 952.2 10.01 3 sba-10bottom
0.50 687.7 960.9 9.71 1 sba-10bottom
0.95 590.6 863.8 11.81 2 sba-11top
0.95 600.0 873.2 11.6 6 sba-11top
0.95 613.4 886.6 10.96 1 sba-11top
0.95 627.0 900.2 10.61 4 sba-11top
0.95 630.9 904.1 10.39 3 sba-11top
0.95 636.5 909.7 10.32 5 sba-11top
2.00 532.2 805.4 12.05 1 sba-04core1
2.00 541.6 814.8 11.68 3 sba-04core1
2.00 548.4 821.6 11.50 5 sba-04core1
2.00 556.3 829.5 11.23 7 sba-04core1
2.00 562.6 835.8 10.85 2 sba-04core1
2.00 569.5 842.7 10.73 6 sba-04core1
2.00 581.6 854.8 10.26 4 sba-04core1
2.92 490.2 763.4 12.15 1 sba-03core1
2.92 504.9 778.1 11.66 3 sba-03core1
2.92 528.6 801.8 10.68 2 sba-03core1
2.92 543.0 816.2 10.27 4 sba-03core1
3.76 466.3 739.5 11.51 5 sba-07top
3.76 473.2 746.4 11.10 3 sba-07top
3.76 476.8 750.0 10.99 4 sba-07top
3.76 478.5 751.7 11.09 6 sba-07top
3.76 480.9 754.1 10.63 1 sba-07top
3.76 485.5 758.7 10.52 2 sba-07top
a Order in which measurements were performed.
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in which A, B, and C are fitting parameters, η is in Pa s and T is in Kelvin. All
samples are assumed to share a common value of A, the viscosity intercept at infinite
temperature; A was obtained by fitting the dry concentric-cylinder and parallel-plate
data simultaneously. The A value obtained (-4.81 log Pa s) is within uncertainty of
the value of -4.31±0.74 log Pa s proposed by Russell et al. (2003) as a general vis-
cosity limit for silicate melts at infinite temperature. The resulting VFT parameters
are listed in Table 2.6. Parameter C decreases monotonically with increasing water
content, except for the highest water content, whereas B shows an initial decrease,
followed by an increase and a sharp drop at the highest water content measured. The
way the B and C parameters change with water content does not follow any pattern
that can be attributed to the physical meaning of each parameter: pseudo-activation
energy, and Vogel temperature, for B and C, respectively. The 2 wt.% sample was
fitted both with and without two falling-sphere data points and the returned values
are remarkably similar. The parameterization in Table 2.6 reproduces the experi-
mental data very well at low temperature, but shows inconsistent behaviour when
viscosity is extrapolated to higher temperature due to the narrow range of temper-
atures measured for individual samples. These individual parameterizations should
therefore only be used for viscosities in the range of 108-1012 Pa s.
Table 2.6: VFT parameters for individual fits (Equation 2.4)
sample type of data A B C RMSD T12
(log Pa s) (log Pa s K) (K) ◦C
sba (dry) PP, CC -4.81 6826.7 582.2 0.04 713
sba+0.50 PP -4.81a 6426.9 518.2 0.01 627
sba+0.95 PP -4.81 a 7321.0 424.3 0.06 587
sba+2.10 PP, FS -4.81 a 7078.5 386.1 0.05 534
sba+2.00 PP -4.81 a 7041.9 388.3 0.05 534
sba+2.92 PP -4.81 a 6997.4 351.5 0.05 495
sba+3.76 PP -4.81 a 4920.9 437.8 0.03 457
a Value of parameter A fixed to -4.81 log Pa s based on fit to anhydrous
data.
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2.4.2 Global fit
To obtain a self-consistent parameterization of the temperature-dependence of vis-
cosity as a function of water content, we used a modified VFT function of the form:
log(η) = A+
b1 − b2log[w − x]
T − (c1 − c2log[w − x]) (2.5)
following Whittington et al. (2009b) where B = b1−b2log[w−x], C = c1−c2log[w−x],
w is the water content in wt.% and x is a constant. All other parameters are as in
Equation 2.4. We obtained the following:
log(η) = −4.81 + 6940.7
T − (491.9− 272.5log[w + 0.49]) (2.6)
(Figure 2.5). Equation 2.6 reproduces 55 viscosity data with an RMSD of 0.24 log
units. Sample sba-18 was not used in the fit due to uncertainties in its water con-
tent, but including it with an average water content of 2.5 wt.% does not make a
large difference. It should be noted that, in contrast to the global fit proposed by
Whittington et al. (2009b), our viscosity data are not better fit if the modified ‘B’
parameter is assumed to be a function of water content. We therefore do not include
the b2log[w − x] term as it is unnecessary, and our model contains only 4 adjustable
parameters (b1, c1, c2, x).
The global fit forces a much shallower slope for the highest water content sample
than the individual parameterization for that sample and would predict a viscosity at
high temperatures almost indistinguishable from a sample with only 2 wt.% dissolved
water. Published falling-sphere viscometry results for natural andesite show very sim-
ilar behaviour to that predicted for sba with viscosity of samples containing ∼2.5-3.7
wt.% dissolved water being indistinguishable within measurement uncertainty (Vet-
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ere et al., 2008). Only at much higher water contents (e.g., >6 wt.%) is the viscosity
of V08 noticeably lower. This suggests that additional water in sba at high temper-
atures would have relatively little effect on viscosity. We consider the behaviour of
viscosity as a function of water content over the full range of temperatures relevant
to natural systems to be best described by Equation 2.6, and we use Equation 2.6
for predicting viscosity at high temperatures in the subsequent discussion. However,
it should be noted that the viscosity data for sample sba-07 (3.76 wt.% H2O) show
a noticeably different slope than for the lower water content samples. Although we
have no basis for excluding the data for this sample based on water content or den-
sity measurements pre- and post-viscometry (see Table 2.3), the slope of the viscosity
data may indicate a minimal loss of water (i.e., still within uncertainty provided in
Table 2.3) during viscometry. We therefore also provide a global fit that excludes the
highest water content data:
log(η) = −4.81 + 6938.6
T − (467.4− 211.2log[w + 0.30]) (2.7)
This alternative global fit has an RMSD of 0.10. Equation 2.7 may absolutely not
be used for extrapolation to water contents higher than 2.92 wt.%. The individual
VFT parameterizations (cf. Table 2.6) may be used for accurate comparisons between
different melt compositions at temperatures close to the glass transition.
2.4.3 Test of multi-component literature models
Viscosity is a stronger function of composition near the glass transition temperature
than at higher temperatures (Russell et al., 2003; Mysen and Richet, 2005), and the
temperature-dependence of viscosity is non-Arrhenian. Two non-Arrhenian multi-
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component empirical models addressing this behaviour are Hui and Zhang (2007) and
Giordano et al. (2008) (henceforth ‘HZ’ and ‘GRD’, respectively). In Figure 2.6 we
compare the measured viscosities listed in Tables 2.4 and 2.5 with the values calculated
using Equation 2.6 (Figure 2.6a) and using the HZ (Figure 2.6c) and GRD models
(Figure 2.6d). Equation 2.6 reproduces the dry and 0.95 wt.% H2O viscosity data
within ±0.1 log unit, underestimates the viscosity for 2.00 and 2.92 wt.% H2O samples
by ∼0.2-0.3 log unit and overestimates the viscosity for 0.50 and 3.76 wt.% H2 (see
Figure 2.6c). The HZ model overestimates the viscosity of dry and hydrous samples
at low temperatures; the largest overestimation is observed for 0.50 and 0.95 wt.%
dissolved water. This overestimation is not systematic, however, and the HZ model
underestimates the viscosity of dry sba at very high temperatures but overestimates
them at lower temperatures still above the liquidus. The GRD model shows a more
systematic pattern: it underestimates viscosity at low water contents by as much as
an order of magnitude (for water contents up to 2.00 wt.%) and overestimates the
viscosity of sba melt at high water contents (∼ half log unit at 3.76 wt.% H2O).
Neither the HZ or the GRD model accurately describes the effect of dissolved water
on the viscosity of basaltic andesite melt over the range of temperatures relevant to
volcanic processes. This illustrates the importance of obtaining more viscosity data
on calc-alkaline melts to better calibrate such multi-component viscosity models.
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Figure 2.6: Measured viscosity of sba against calculated viscosity using Equation 2.6 (a and
b). c and d: Calculated viscosity using the model of Hui and Zhang (HZ; 2007) or the model
of Giordano et al. (GRD; 2008), respectively. The grey dashed lines indicate a deviation of
±0.3 log units from a 1:1 correspondence between measured and calculated viscosity.
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2.5 Discussion
2.5.1 Comparison to related hydrous melts
In Figure 2.7, we compare our results with literature viscosity data for 6 specific
compositions at low temperature. Samples V08, V06 (Fe-free andesite; Vetere et al.,
2006), L03 and L03∗ (Unzen andesite and Fe-free analogue; Liebske et al., 2003) are
also calc-alkaline arc compositions, whereas M09 is a high-potassium basalt and V07
a shoshonite (Vetere et al., 2007). Note that the natural melts L03 and V08 have
NBO/T ratios most similar to sba (see Table 2.1), and that the Unzen andesite L03
actually plots just inside the basaltic andesite field in Figure 2.1. In the low tem-
perature range, the viscosity of sba is ∼ an order of magnitude lower than L03∗, but
higher than the depolymerized Stromboli basalt M09, or the highly alkalic shoshonite
V07 by slightly more than an order of magnitude. The dry viscosity of sba is very
similar to that of the natural Unzen andesite L03, consistent with the two melts hav-
ing a similar NBO/T and low alkalinity (see Table 2.1). No dry viscosity data are
available for V08 for comparison at low temperatures. We also show viscosity data
for dry, Fe-bearing, natural calc-alkaline basaltic andesite melts fu18 and pa08, from
Fuego and Pacaya volcano, respectively (see Table 2.1 for compositions and NBO/T).
Sample pa08 is less polymerized, whereas fu18 is more polymerized than sba, and the
two dry melts have similar iron oxidation ratios, yet pa08 is ∼0.5 log unit higher
viscosity than fu18. The Fe-free basaltic andesite sba may be a good analogue for
natural (Fe-bearing) basaltic andesite of slightly higher silica content (e.g., V08 or
L03; see Table 2.1 and Figure 2.1), and the dry data suggest the viscosity of sba is
within the range of natural basaltic andesite melts. The few available viscosity data
on hydrous L03 and V08 at low temperatures and their different iron oxidation ratios
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preclude direct comparison of the effect of water on viscosity for these melts of similar
NBO/T to sba.
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Figure 2.7: Low-temperature comparison of the viscosity data obtained for sba melts with
related melts. Labels are as in Figure 2.1. Sample sba is shown as grey squares with water
content labels in wt.% in boxes. Water content is in parentheses in the legend or directly
next to a suite of viscosity data. Sample sba is also compared to natural calc-alkaline basaltic
andesite melts from Pacaya (pa08) and Fuego (fu18) volcanoes.
In Figure 2.8 we compare sba at high temperatures with the same melts as in
Figure 2.7, with the addition of P91. Dry or nominally dry V08, P91, and sba melts
are in good agreement, as would be expected from their similar compositions (Table
2.1). Multiple falling-sphere measurements on hydrous melts at one temperature are
not necessarily perfectly reproducible, but instead give a range of viscosities for most
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samples. The two sba data points for which water content is well-constrained (2.10
wt.%) fall between V08 with 2.9 wt.% and V08 with 3.3 wt.% water, and V06 with
2.69 wt.% and V06 with 3.37 wt.% water, suggesting the effect of water is greater for
sba at low water contents. In Figure 2.8b, isothermal (1200 ◦C) viscosity is plotted
as a function of water content for a clearer representation of the data. At 1200 ◦C,
the few available experimental data indicate similar behaviour of sba and V08 with
increasing water content (note that the data for V08 were collected over a range of
Fe2+/Fetotal, and the sba data were collected at 1246
◦C). However, our global fit
(Equation 2.6) predicts a smaller effect of water on viscosity at water contents >3
wt.% than predicted by the models for the other melts (Figure 2.8b).
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Figure 2.8: High-temperature comparison of the viscosity data for the same melts as in
Figure 2.7. a: Water contents for sba are in box labels. All other water contents are
indicated in parentheses next to sample label in legend. b: 1200 ◦C isotherms. In b, the
spread in viscosity observed for a given sample at one temperature is due to two viscosity
estimates obtained during one experiment if two different spheres were used in the samples
(e.g., V08). Open squares for sample sba are for sample sba-15 at 1246 ◦C. Bold black curve
is derived from Equation 2.6. Thin grey curves with labels are calculated using the published
models for each composition. In the case of V08, two curves are shown: one for a ratio of
Fe2+/Fetotal equal to 0.5 (0.5Fe
2+) and one for Fe2+ = Fetotal.
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In Figure 2.9a we compare the temperature at a viscosity of 1012 Pa s for sba to
those published for synthetic andesite V06, high-K basalt M09, and shoshonite V07.
M09 and sba have a similar ratio of AE/A (where AE = MgO + CaO and A = Na2O
+ K2O in mole percent), but M09 is more depolymerized (NBO/T of 0.62 vs. 0.40 for
sba). V07 has a slightly lower NBO/T than M09, but a much higher alkali content.
Of the three melts we are comparing our results to, V07 has the lowest Al/Si ratio.
Finally V06 is the most polymerized (NBO/T = 0.24), also Fe-free and with a slightly
higher alkali content than sba (see Table 2.1 for details).
In the low-temperature range, it is more convenient to compare the change in tem-
perature at constant viscosity due to dissolved H2O than to look at viscosity changes
at constant temperature for a given water content. The change in temperature can be
directly measured, whereas the viscosity changes at constant temperature (which may
be up to several orders of magnitude; see Figure 2.5) would require measurements to
be made in a viscosity-temperature space where crystallization or exsolution would
occur. Water depresses T12 similarly in all 4 melts at low water contents; at higher
water contents, sba curves less (Figure 2.9a).
In Figure 2.9b, we show the effects of water on the glass transition temperature
(approximated by T12) for mafic to intermediate dry melt compositions as a function
of degree of polymerization, expressed as NBO/T. W09 (synthetic dacite; Whitting-
ton et al., 2009b) and HD96 (haplogranite HPG8; Hess and Dingwell, 1996) are added
to expand the calc-alkaline trend to lower NBO/T. Figure 2.9b shows a reversal in
behaviour where at low water contents, sba experiences a greater depression in T12
than V06 whereas the opposite is true for water contents above 2 wt.%. Unsurpris-
ingly, sba experiences greater T12 depression at all water contents than the two least
polymerized melts, V07 and M09. It should be noted, however, that the difference
between all the intermediate to mafic samples are very minor compared to the differ-
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ences between the dacite W09 and the haplogranite HD96. These results, combined
with the trends observed in Figure 2.9a indicate that the effect of water on mafic
melts is more or less independent of alkali content, but rather more a function of
average polymerization of the melt (i.e., NBO/T). A similar conclusion was reached
by Whittington et al. (2001) for more polymerized melts with NBO/T of about 0.2.
Trends at high temperatures (Figure 2.9c) are slightly different than at low tem-
peratures for the same melt compositions. Surprisingly, the range of temperatures
for which the melts have a common viscosity of 102 Pa s is 100 degrees wider than
for 1012 Pa s. Alkali basalt M09 clearly has a lower T2 than shoshonite V07 over the
entire range of water contents considered, consistent with its greater NBO/T. Figure
2.9d shows the depression in T2 as a function of NBO/T as in Figure 2.9b. As ob-
served in Figure 2.9c, sba is the composition the least affected by water at these high
temperatures, in contrast to the low-temperature behaviour. This illustrates the im-
portance of studying the effects of water over the full range of temperatures relevant to
magmatic processes. Characterization of the effect of water on the high-temperature
behaviour of mafic melts is especially important.
We conclude that a true calc-alkaline basaltic andesite melt will be higher in vis-
cosity than an andesite melt at high water content (>3 wt.%) and high temperatures,
but lower in viscosity than an andesite melt at low temperatures for the same high
water contents. At low temperatures, a calc-alkaline basaltic andesite melt will have
a higher viscosity than a high-K basalt melt or a shoshonitic melt for water contents
up to 6 wt.%, whereas at high temperatures it may have a higher viscosity at low
water contents (<1 wt.%). Whittington et al. (2009b) also described such inversions
in relative viscosity for andesite, dacite, and rhyolite liquids.
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Figure 2.9: Temperature of the 1012 Pa s isokom as a function of water content (a) and
change in T12 for the addition of 0.2, 0.5, 1, 2, 3, and 4 wt.% dissolved H2O against bulk
polymerization of the anhydrous liquids, expressed as NBO/T (b). Points for sba (black
squares) are interpolated (or extrapolated if no measurements was made above T12) from
measurements in the glass transition range. In b, an Fe-free dacite (W09; Whittington et al.,
2009b) and a haplogranite (HD96; Hess and Dingwell, 1996) are also shown to expand the
trends to polymerized melts. Dashed lines are guides for each water content considered
(water content in parentheses). c and d are as in a and b, respectively, but for the 102 Pa s
isokom. Curves for sba are obtained from Equation 2.6 and curves for the other melts from
their respective published viscosity equations. The viscosity for ‘dry’ samples was calculated
assuming a water content of 0.01 wt.% H2O. Bold sections of the lines represent the range of
water contents where measurements were performed. For sba, the data points are calculated
using the individual VFT fits.
The effect of water on melt fragility, defined as m = d(logη)
d(
Tg
T
)
∣∣∣∣
T=Tg
(Bo¨hmer and An-
gell, 1992; Plazek and Ngai, 1991) is shown in Figure 2.10. The data show a trend of
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decreasing fragility with increasing water content. The apparent fragility of the most
hydrous sample (sba+3.76) is slightly higher than that of the dry sample. No wa-
ter loss was detected within analytical uncertainty between pre- and post-viscometry
water contents for any of the samples, so the steeper slope of sample sba+3.76 is
unlikely to be caused by significant water loss during measurement. However, the
data were collected over a very narrow range of temperatures, only above T12. Ex-
trapolation of the data to T12 is therefore a potential source of uncertainty and it is
not excluded that the data for that sample are consequently shifted to higher T12/T.
Excluding sba+3.76 from the analysis of fragility, we conclude that increasing the
dissolved water content makes calc-alkaline basaltic andesite liquids stronger.
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Figure 2.10: Viscosity against the ratio of T12/T, showing an overall trend of shallowing of
slopes with increasing water content.
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Decreased melt fragility on hydration is also observed for granitic melts (Whitting-
ton et al., 2009a) and dacitic melts (Whittington et al., 2009b). Moreover, Giordano
et al. (2008) showed that their model predicts that dissolved water causes a reduc-
tion in fragility for all magmatic compositions. They also found that the decreasing
fragility effect of water is greatest for the most fragile melts and smallest for strong
melts.
Water has been demonstrated to dissolve in alkali silicate melts by interacting with
the network-forming cations, resulting in a depolymerization of the melt (see Kohn,
2000; McMillan, 1994, for reviews), and the same dissolution mechanism has been
observed in aluminosilicate melts. Dissolution of water may also occur by a simple
exchange of H+ for Na+ in albite or nepheline melts, or H+ for Ca2+ in anorthite-
quartz melts (e.g., Kohn et al., 1992), which may contribute to the viscosity-reduction
effect of water, but does not depolymerize the network by increasing the number of
non-bridging oxygens. Finally, free OH groups exist in alkaline earth-bearing depoly-
merized melts for example (Xue and Kanzaki, 2007), and such species are expected
to increase melt polymerization. In glasses quenched from melts, the proportion of
water dissolving as OH groups is greater at low water contents, whereas dissolution
as molecular H2O becomes more important at higher water content (Stolper, 1982,
and see Figure 2.2). Water speciation observed at room temperature also applies at
the glass transition temperature (Withers and Behrens, 1999), but water speciation
is temperature-dependent, and OH groups become more important with increasing
temperature above Tg as demonstrated by in situ water speciation studies (e.g., Shen
and Keppler, 1995). Hydrous rhyolitic and basaltic glasses show the same speciation
trends as a function of water content. However, the effect of dissolved water on the
viscosity is clearly greater overall for rhyolitic melts than for basaltic melts (see Figure
2.9). It is likely that multiple dissolution mechanisms operate in alkali-poor depoly-
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merized melts; their relative prevalence over a given T-XH2O range is controlled by
speciation reactions. The effect of dissolved water on viscosity is therefore not nec-
essarily one of straightforward depolymerization in complex, multi-component melts
(e.g., Xue and Kanzaki, 2006; Robert et al., 2001). Such interplays between differ-
ent dissolution mechanisms can potentially explain the complex patterns of relative
viscosity seen in Figures 2.8 and 2.9.
2.5.2 Conduit processes
Roggensack et al. (1997) proposed that the degassing history of basaltic magmas was
an important factor in affecting their eruptive behaviour, based on a melt inclusion
study of two magmas from different style eruptions of Cerro Negro, Nicaragua. They
suggested that the ascent of the magma to different levels in the crust and associated
degassing, prior to eruption, was responsible for the different eruptive behaviours of
the volcano. Pre-eruptive shallow ascent and partial to complete degassing of one
or both of the main volatiles (H2O and CO2) resulted in effusive behaviour, whereas
deeper initiation of eruption (∼6 km), at depths where the magma may retain most
of its volatiles, resulted in an explosive eruption. Our results show that, at reason-
able magmatic and eruption temperatures for basaltic andesite magmas (e.g., 1100-
1200 ◦C) the increase in viscosity due to equilibrium degassing from 300 MPa to the
surface is on the order of 100 times (Figure 2.11). Virtually all of the increase occurs in
the last 2 kilometres of ascent, meaning that no significant change in viscosity due to
degassing is expected to occur at greater depth in the conduit. Calc-alkaline basaltic
andesite magma rheology is therefore expected to respond primarily to changes in
crystal content – which water loss may contribute to – and to changes in both crys-
tal and bubble content in the upper parts of the conduit (e.g., Quane et al., 2009;
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Costa, 2005). Houghton and Gonnermann (2008) provide a comprehensive review of
the important factors involved in magma fragmentation, as well as a review of the
plausible fragmentation mechanisms for basaltic systems. They conclude the main
rheological controls on basaltic magma fragmentation are crystallinity and vesicular-
ity, rather than the increase in viscosity of the melt fraction. Indeed, the viscosity
of the residual liquid of a crystallizing basaltic andesite magma is not expected to
change significantly as it becomes andesitic (Figure 2.8).
The limited increase in calc-alkaline basaltic andesite melt viscosity upon water
degassing precludes strain-induced fragmentation. Relaxation timescale (τ) of a melt
is obtained through the Maxwell relation τ = η
G∞ , where G∞ is the unrelaxed elastic
shear modulus. Dissolved water does affect the shear modulus, and the effects appear
to be slightly different for calc-alkaline vs. more alkalic melts, but the magnitude of
changes is very small for likely dissolved water contents (Whittington et al., 2012)
and it is therefore usually assumed to be a constant for silicate melts at ∼ 1010 Pa
(Dingwell and Webb, 1990). The relaxation timescales calculated for hydrous sba
at eruption temperatures are on the order of 1 microsecond and brittle behaviour
is therefore extremely unlikely. Moreover, natural, Fe-bearing basaltic melts should
have a lower viscosity than that of the Fe-free synthetic basaltic andesite discussed
here and should be even less prone to strain-induced fragmentation.
Our experimental results do not support high water contents in basaltic magmas
promoting explosive eruptive conditions because of sharp viscosity increases during
degassing upon ascent. In contrast to silicic systems where strain-induced fragmenta-
tion is common, large pre-eruptive volatile contents in basaltic andesite liquids are an
agent of explosive volcanism not because of their large effects on viscosity, but rather
because of their potential for disrupting the magma during bubble growth, especially
if coalescence and escape of the volatiles from the system is impeded, for example by
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rapidly crystallizing microlites.
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Figure 2.11: Viscosity of a calc-alkaline basaltic andesite liquid at water saturation shown
as a function of pressure (or depth estimate converted using a crustal rock density of 2500
kg/m3) for temperatures of 1200 and 1100 ◦C. The water solubility curve is based on the
model of Shishkina et al. (2010) for tholeiitic arc basalts of Kamchatka. Symbols represent
atmospheric pressure conditions. At low pressures (<150 MPa), the different models of
water solubility available in the literature are very similar, and so our viscosity estimates at
water saturation should not differ significantly if a different solubility model for basalt was
chosen.
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Chapter 3
The effect of water on the viscosity
of natural basalt and basaltic
andesite liquids
3.1 Introduction
This chapter is the second installment of a two-part study of the effect of water on
calc-alkaline basaltic and basaltic andesite liquids. The first installment addressed the
effect of water on an Fe-free analogue basaltic andesite liquid (Robert et al., 2013,
cf. Chapter 2). In this second part, we present viscosity data on hydrous natural
(Fe-bearing) basaltic and basaltic andesite liquids, as well as viscosity data on an
Fe-free basalt analogue liquid, extending the study to more mafic compositions. This
chapter will focus on calibrating a simple empirical fit developed by Avard (2010)
for applications to hydrous calc-alkaline liquids for SiO2 contents ranging between
∼50-77 wt.%.
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3.2 Sample characterization
The same methods described in Chapter 2 were used to characterize the samples used
in the experiments discussed in this chapter. We reproduce part of Table 2.1 previ-
ously published in Robert et al. (2013), along with compositional data for synthetic
basalt sb and Fuego basalt fu06 (submitted for publication in Robert et al., under
review, cf. Table 5.1).
Table 3.1: Compositions (wt.%) of the samples used in this study and related hydrous
melts from literature
Sample sba fu18 sb fu06
Description synthetic Fuego synthetic Fuego
basaltic andesite basaltic andesite basalt basalt
SiO2 54.42(0.35) 53.08(0.41) 51.06(0.35) 49.40(0.50)
TiO2 1.37(0.06) 0.88(0.05) 1.16(0.06) 0.96(0.05)
Al2O3 20.49(0.23) 20.42(0.30) 18.62(0.92) 17.57(0.21)
FeOtotal <d.l. 7.50(0.26) <d.l. 10.56(0.38)
MnO <d.l. <d.l <d.l. <d.l
MgO 8.40(0.18) 3.21(0.09) 14.87(0.60) 7.46(0.16)
CaO 10.39(0.29) 8.94(0.19) 9.33(0.24) 8.97(0.21)
Na2O 3.76(0.17) 3.93(0.21) 3.28(0.36) 3.10(0.25)
K2O 1.06(0.05) 0.83(0.05) 0.71(0.04) 0.60(0.05)
P2O5 0.20(0.08) 0.16(0.07)
TOTAL 99.90 98.99 99.44 98.79
NBO/Ta 0.40 0.33 0.67 0.64
AE/Ab 5.47 3.31 8.85 6.13
A/NMc 0.15 0.23 0.10 0.14
Al/Sid 0.44 0.45 0.43 0.42
Fe2+/Fetotal
e 0.48/0.51f 0.46
Values reported in parentheses represent 1σ on 30 analyses.
a in mole percent: NBO
T
= (2 × [K2O + Na2O + CaO + MgO + MnO +
FeOtotal - Al2O3])/(SiO2 + 2Al2O3 + TiO2)
b AE = MgO + CaO and A = Na2O + K2O in mole percent.
c NM = A + AE in mole percent.
d Al/Si in cation units.
e Value for dry glasses.
f Pre-viscometry (parallel-plate) value given first; post-viscometry second.
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Table 3.2: Water contents and densities of samples in this study
sample core wt.% H2O KFT ρ pre ρ post
average (kgm−3) (kgm−3)
sba-01 core 1 dry 2611(1) 2616(1)
sba-02 core 1 dry 2611(1) n.a.
sba-19 core 1 dry 2608(1) 2617(1)
sba-10 bottom 0.50(19) 2625(1) 2606(1)
sba-11 top 0.95(19) 2619(1) 2602(2)
sba-04 core 1 2.00(19) 2621(1) 2582(1)a
sba-03 core 1 2.92(19) 2602(2) 2534(1)a
sba-07 top 3.76(27) 2561(3) 2541(1)
sba-15 FS 2.10(22) 2598(3) n.a.
sba-18 FS n.a. 2560(6) n.a.
fu18 dry 2655(1) 2663(1)
fu18-04 top 0.96(15) 2660(2) 2636(2)
fu18-07 top 1.44(18) 2652(3) 2624(8)
fu18-01 bottom 2.11(16) 2645(1) 2628(2)
fu18-09 bottom 3.00(19) 2626(1) 2604(7)
sb-01 dry 2679(1) 2683(1)
sb-02 dry 2677(1) 2684(1)
sb-11 top 0.63(0.16) 2692(1) 2672(1)
sb-12 top 1.31(0.17) 2682(1) 2659(1)
sb-16 top 1.98(0.15) 2661(1) 2647(1)
sb-14 top 3.02(0.16) 2641(2) 2629(1)
fu06-01 core 1 dry 2770(1) 2776(1)
fu06-02 core 2 dry 2771(1) n.a.
fu06-07 top 1.18(0.16) 2773(1) 2755(2)
fu06-06 top 1.44(0.16) 2769(1) 2750(2)
fu06-03 centre 2.29(0.16) 2755(3) 2732(3)
fu06-04 centre 2.70(0.15) 2714(1) 2696(2)
fu06-10 bottom 3.10(0.20) 2737(1) n.d.
fu06-11 bottom 3.98(0.23) 2710(2) n.d.
Uncertainty on water content in parentheses (last two
significant figures).
Density of compacted samples pre-viscometry.
Relaxed density post-viscometry.
Standard deviation on 5 density measurements in paren-
theses.
a Samples synthesized at 5 kbar. All other hydrous sam-
ples at 3 kbar.
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Figure 3.1: Total alkali vs. silica diagram showing the compositions of eruptive products
from the Guatemala arc volcanoes Pacaya and Fuego collected in January 2010 in grey.
The samples measured in this study are: sba (Robert et al., 2013, black square), fu18 (open
square), sb (Robert et al., under review, black circle), and fu06 (Robert et al., under review,
open circle). The black crosses are alkalic mafic or calc-alkaline intermediate compositions
for which viscosity data on hydrous melts were obtained by different authors. L03 and
L03∗: (Liebske et al., 2003); GD03: (Giordano and Dingwell, 2003); V06: (Vetere et al.,
2006); V07: (Vetere et al., 2007); V08: (Vetere et al., 2008); M09: (Misiti et al., 2009).
L03* is an Fe-free analogue to L03. The following samples are part of a suite of calc-
alkaline melts from Guatemala: synthetic andesite BD (Hellwig, 2006); synthetic dacite
BRD (Whittington et al., 2009b); synthetic rhyodacite SRD and natural andesite remelt
SA05-14 (Avard, 2010). We include data for Mono Crater rhyolites (MC) to complete the
suite (Romine, 2008).
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Figure 3.2: Same melts as in Figure 3.1 represented in terms of the proportions of network-
former (NF = SiO2 + Al2O3 + TiO2), alkali (1+ = Na2O + K2O), and alkaline earth
oxides (2+ = MgO + CaO). Note that the network modifier corners represent only 50%,
i.e., only the top part of the triangle is shown.
3.3 Experimental methods
The same experimental methods described in Chapters 1 and 2 were used to obtain
the data discussed in this chapter. In this chapter, we give additional information
about some of the methods to address experimental issues. We reproduce part of
Table 2.2, published in Robert et al. (2013), and add the synthesis conditions for the
other samples used in viscosity experiments.
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Table 3.3: Synthesis conditions for hydrous glasses used in the viscosity experiments
Sample Nominal water Duration T PAr Capsule Quench
number (wt.% H2O) (h) (
◦C) (kbar) material technique
fu18- 04 0.5 16 1250 3 Au80Pd20 RQ
fu18- 07 1 16 1250 3 Au80Pd20 RQ
fu18- 01 2 16 1250 3 Au80Pd20 RQ
fu18- 09 3 16 1250 3 Au80Pd20 RQ
fu06- 07 0.5 16 1250 3 Au80Pd20 RQ
fu06- 06 1 16 1250 3 Au80Pd20 RQ
fu06- 04 2 16 1250 3∗ Au80Pd20 RQ
fu06- 03 2 16 1250 3 Au80Pd20 RQ
fu06- 10 3 16 1250 3 Au80Pd20 RQ
sb- 11 0.5 16 1400 3 Pt NQ
sb- 12 1 16 1400 3 Pt NQ
sb- 16 2 16 1400 3 Pt NQ
sb- 14 3 16 1400 3 Pt NQ
sba- 10 0.5 16 1400 3 Pt NQ
sba- 11 1 16 1400 3 Pt NQ
sba- 04 2 16 1250 5 Pt NQ
sba- 03 3 16 1250 5 Pt NQ
sba- 07 4 16 1250 3 Pt RQ
sba- 15FS 2 16 1250 3 Pt RQ
sba- 18FS 4 16 1250 3 Pt RQ
∗: controlled hydrogen fugacity.
FS: for falling-sphere experiments.
NQ: normal quench (∼ 200K/min).
RQ: rapid quench (∼ 150K/s).
3.3.1 Details of the concentric-cylinder viscometry method
Prior to an experiment in the concentric-cylinder viscometer, the level of the melt
in the crucible (“top of the melt”) has to be found. This is done by lowering the
rotating spindle slowly down to the crucible and noting the first moment a torque is
read by the measuring head. The spindle is then lowered an additional 20 mm into the
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melt, as measured by a micrometer, and the exact immersion depth is recorded. The
instrument is calibrated for a 20 mm immersion depth as read by the micrometer. In
reality, immersion of the spindle causes a displacement of the melt vertically inside of
the the crucible. For the spindle and crucible dimensions, this corresponds to ∼2 mm
of displacement. We would therefore expect to see quenched melt over the bottom
∼22 mm of the spindle after the end of the experiment. For the melt compositions
studied here, this post-experiment immersion depth measured is instead on the order
of ∼24-25 mm, and we infer this is due to capillary effects on the spindle and walls of
the crucible. The difference in calculated viscosity for a difference in immersion depth
of ∼5 mm is on the order of 0.1 log units. We note that the viscosity calculated for
an immersion depth that accounts for the volume displacement from the immersion
of the spindle matches the viscosity values obtained directly from the measuring
head within 0.01 log units, because the calibration of the instrument accounts for
this volume displacement. We report viscosity values calculated for this intermediate
immersion depth accounting for volume displacement of the melt by the spindle.
Samples sb and sba were measured with a Brookfield HB-DVIII Ultra measuring
head, with a torque spring accommodating viscosity values between 10 and 105 Pa
s (data on sba previously published in Robert et al., 2013). Sample sb is about one
order of magnitude lower viscosity than sample sba, and its measurement pushed the
low viscosity limits of the instrument with our rotor/crucible configuration. Because
of this, values of torque at a given angular velocity were not very stable. To process
the data for this experiment, we extracted torque values for each step by obtaining the
mode of the viscosity calculated by the measuring head within ±0.02 Pa s, and only
using the associated torque values to recalculate the viscosity from the appropriate
immersion depth. Samples fu06 and fu18 were measured with a Brookfield DV3T-RV
measuring head, with a torque spring accommodating viscosity values between 10−1
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and 103 Pa s. Each viscosity value reported is an average of three measurements at
a given temperature, for three different angular velocities, to check the Newtonian
behaviour of the melt.
3.3.2 Details of the falling-sphere viscometry method
Falling-sphere experiments were performed at pressures of 3 kbar in internally-heated
pressure vessels (IHPV) at Leibniz Universita¨t Hannover, Germany. The technique
is described in previous chapters. We were not able to successfully run any falling-
sphere experiments on sample sb. The liquidus temperature of this sample is high,
and falling-sphere experiments required high-temperature furnaces (≥1400 ◦C). We
were not able to sustain a stable high temperature without a significant gradient
in these furnaces, a condition critical for falling sphere experiments. Falling-sphere
experiments on the natural, Fe-bearing melts also failed. First, the very low viscosity
of the natural melts required very short experimental durations sometimes on the
order of one or two minutes. The required time corrections for such short experimental
durations were greater than the nominal sphere falling time, and this introduces large
uncertainties in the data. Second, the opacity of the samples required X-Ray imaging
techniques between each experiment to image the sphere position relative to its Pt
marker horizon. The sphere had to have a large enough density contrast with the
melt to appear bright on the X-Ray images, yet be as small as possible in order to
maximize experimental duration (which, in turn, reduces uncertainties due to falling
time corrections). We used Pd spheres, sometimes as small as 90 µm in diameter,
but in some of the samples the spheres were too small and blended in the grain of
the X-Ray images, precluding any estimation of falling distance. Finally, many of
the samples experienced water loss during experiments through broken welds, which
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disrupted the assembly inside the capsule. The IHPV falling-sphere technique is not
the best-suited for the low-viscosity melt sb, and low-viscosity and opaque melts
fu06 and fu18. Quantitative measurements of the viscosity of hydrous mafic melts at
high temperatures would perhaps be more successful using synchrotron-based, in situ
techniques in which the sphere is imaged in real time.
3.4 Experimental results
The viscosity data for sample sba are published in Robert et al. (2013) (cf. Tables
2.4 and 2.5). The parallel-plate viscosity data for samples sb and fu06 have been
submitted for publication (Robert et al., under review) (cf. Tables 5.3 and 5.4). In
this chapter, we only report the high-temperature viscosity data (concentric-cylinder
method) for fu18, fu06, and sb, and low-temperature viscosity data (parallel-plate
method) for fu18 (Tables 3.4 and 3.5). Figures 3.3 and 3.4 show all four compositions.
In the low temperature range, the viscosity of dry sba is the highest, followed by
sb, fu18, and fu06. At high temperatures, the basaltic andesite melts have very similar
viscosities, about 0.5 orders of magnitude higher than the basaltic melts, which are
also very similar to each other. We see a different trend at low temperatures, where
the Fe-free melts have the highest viscosities, and the natural melts have the lowest.
The difference in viscosity between sba and fu06 at low temperatures is slightly more
than 1 order of magnitude. At water contents below ∼2 wt.%, the effects of H2O
on viscosity are greatest on sba, followed by fu18, sb, and fu06. At water contents
greater than ∼2 wt.%, the effects of H2O on viscosity are greatest and essentially the
same on sba and fu18, followed by sb and fu06, respectively.
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Table 3.4: High temperature viscosity results
sample wt.% H2O log η (log Pa s) T (
◦C) T (K) order of measurement
sb-CC-2 0.01 1.27 1325 1598 5b
sb-CC-1 0.01 1.28 1326 1599 6a
sb-CC-1 0.01 1.16 1347 1620 10a
sb-CC-1 0.01 1.11 1357 1630 7a
sb-CC-2 0.01 1.01 1375 1648 4b
sb-CC-2 0.01 0.90 1400 1673 7b
sb-CC-1 0.01 0.90 1401 1675 4a
sb-CC-1 0.01 0.79 1422 1695 9a
sb-CC-2 0.01 0.78 1424 1698 3b
sb-CC-1 0.01 0.75 1431 1705 5a
sb-CC-2 0.01 0.71 1450 1723 6b
sb-CC-1 0.01 0.57 1477 1750 2a
sb-CC-1 0.01 0.48 1501 1775 1a
sb-CC-1 0.01 0.45 1507 1780 3a
sb-CC-1 0.01 0.41 1523 1796 11a
sb-CC-2 0.01 0.40 1525 1798 2b
sb-CC-1 0.01 0.36 1529 1802 8a
sb-CC-2 0.01 0.29 1556 1829 1b
fu06 CC 0.01 2.03 1194 1467 15
fu06 CC 0.01 1.80 1220 1493 14
fu06 CC 0.01 1.63 1246 1519 13
fu06 CC 0.01 1.49 1271 1544 12
fu06 CC 0.01 1.35 1296 1569 11
fu06 CC 0.01 1.21 1323 1596 10
fu06 CC 0.01 1.09 1348 1621 9
fu06 CC 0.01 0.97 1373 1647 8
fu06 CC 0.01 0.86 1398 1671 7
fu06 CC 0.01 0.76 1423 1696 6
fu06 CC 0.01 0.66 1449 1722 5
fu06 CC 0.01 0.56 1474 1747 4
fu06 CC 0.01 0.47 1500 1773 3
fu06 CC 0.01 0.39 1525 1798 2
fu06 CC 0.01 0.36 1534 1807 16
fu06 CC 0.01 0.30 1555 1828 1
fu18 CC 0.01 2.41 1245 1518 11
fu18 CC 0.01 2.24 1270 1544 10
fu18 CC 0.01 2.09 1296 1570 9
fu18 CC 0.01 1.94 1322 1595 8
fu18 CC 0.01 1.81 1347 1620 7
fu18 CC 0.01 1.55 1396 1669 6
fu18 CC 0.01 1.32 1447 1720 5
fu18 CC 0.01 1.21 1472 1745 4
fu18 CC 0.01 1.10 1497 1770 3
fu18 CC 0.01 0.99 1522 1796 2
fu18 CC 0.01 0.97 1530 1803 12
fu18 CC 0.01 0.88 1554 1827 1
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Table 3.5: Low temperature viscosity results for fu18
sample wt.% H2O log η (log Pa s) T (
◦C) T (K) order of measurement
fu18-dry 0.01 12.75 659.6 932.8 10
fu18-dry 0.01 12.22 669.6 942.8 9
fu18-dry 0.01 11.71 679.8 953.0 8
fu18-dry 0.01 11.35 689.5 962.7 7
fu18-dry 0.01 10.99 699.5 972.7 6
fu18-dry 0.01 10.65 709.7 982.9 5
fu18-dry 0.01 10.32 719.8 993.0 4
fu18-dry 0.01 10.00 730.0 1003.2 3
fu18-dry 0.01 9.71 740.0 1013.2 2
fu18-dry 0.01 9.38 751.6 1024.8 1
fu18-04top 0.96 11.77 573.1 846.3 7
fu18-04top 0.96 11.34 582.8 856.0 5
fu18-04top 0.96 11.05 592.2 865.4 6
fu18-04top 0.96 10.63 601.6 874.8 3
fu18-04top 0.96 10.35 611.2 884.4 4
fu18-04top 0.96 10.00 622.6 895.8 9
fu18-04top 0.96 9.91 625.4 898.6 8
fu18-04top 0.96 9.65 628.8 902.0 2
fu18-07top 1.44 11.22 544.2 817.4 3
fu18-07top 1.44 11.17 549.0 822.2 5
fu18-07top 1.44 10.97 555.7 828.9 6
fu18-07top 1.44 10.69 560.3 833.5 4
fu18-07top 1.44 10.14 572.3 845.5 2
fu18-01bottom 2.11 11.34 504.8 778.0 5
fu18-01bottom 2.11 10.98 509.2 782.4 3
fu18-01bottom 2.11 11.00 514.5 787.7 6
fu18-01bottom 2.11 10.69 518.9 792.1 4
fu18-01bottom 2.11 10.36 522.6 795.8 2
fu18-09bottom 3.00 11.01 472.7 745.9 4
fu18-09bottom 3.00 10.93 475.2 748.4 5
fu18-09bottom 3.00 10.70 477.8 751.0 2
fu18-09bottom 3.00 10.67 479.4 752.6 3
fu18-09bottom 3.00 10.37 484.5 757.7 1
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Figure 3.3: Viscosity results for all calc-alkaline basalt and basaltic andesite melts, including
data previously published for sba (Robert et al., 2013), and submitted for publication for sb
and fu06 (Robert et al., under review). All new data for fu18, and for fu06 and sb at high
temperatures. Lines are TVF fits to the data for each base composition (see Table 3.6).
Solid black lines for sba, dashed black lines for fu18, solid grey lines for sb, and dashed grey
lines for fu06. All data at high temperatures are for nominally dry samples, except 2 data
points for sba +2.00 wt.%H2O. The two pairs of compositions are shown on separate panels
in Figure 3.4.
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Figure 3.4: Details of the viscosity results for Fe-free synthetic analogues (top panel) and
natural remelts from Fuego volcano (bottom panel).
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3.5 Parameterization of hydrous calc-alkaline liq-
uid viscosity
3.5.1 Individual fits
The viscosity data for the calc-alkaline basaltic and basaltic andesite melts can be
described for each individual composition by an equation of the form:
log(η) = A+
b1 − b2log[xH2O + w]
T − (c1 − c2log[xH2O + w])
(3.1)
following Whittington et al. (2009b) where B = b1 − b2log[xH2O + w], C = c1 −
c2log[xH2O + w], xH2O is the water content in wt.% and w is a constant. All other
parameters are as in Equation 2.4. The parameters obtained are listed in Table 3.6,
and the fits to the data are shown in Figures 3.3 and 3.4. The fits to the natural melts
are significantly better than those for the Fe-free analogue melts, but all fits result in
calculated viscosities within 1 log unit of the measured values (Figure 3.5). The fits
to individual compositions cover the range of water contents measured in this study
for each composition, and are not meant to be extrapolated to higher water contents.
The expressions in Table 3.6 should be used if one is interested in the details of the
effect of water on a typical calc-alkaline basalt or basaltic andesite.
Table 3.6: TVF parameters for fits to each base composition (Equation 3.1)
sample type of data Aa b1 b2 c1 c2 w RMSD n
sba PP, CC, FS -4.81 6940.7 0 491.9 272.5 0.49 0.2410 55
fu18 PP, CC -3.96 6078.9 26.5 582.0 401.2 1.08 0.0813 45
sb PP, CC -5.25 6788.5 -38.47 645.3 417.7 1.36 0.2775 58
fu06 PP, CC -3.89 5061.7 107.5 958.1 685.4 3.13 0.0993 55
a Value of parameter A obtained by fitting to anhydrous data only with Equation
2.4, then constraining A to this value when fitting the whole dataset with Equation
3.1.
PP: parallel plate; CC: concentric cylinder; FS: falling sphere.
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Figure 3.5: Illustration of the accuracy of the fits to individual compositions from Table 3.6.
Dotted lines represent ± 0.5 log units.
3.5.2 Glass transition temperature and melt fragility
The fits to individual compositions allow us to compare the effect of water on the melts
in the temperature range of the glass transition. Figure 3.6 shows the depression of
the temperature at which the viscosity for each sample is 1012 Pa s, T12, as a function
of the water content of the melt, and also the change in the fragility parameter m
with increasing water content. The fragility parameter m is calculated as:
m =
B
T12(1− CT12 )2
(3.2)
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using the B and C parameters from Equation 3.1 in Table 3.6. T12 was obtained
by solving Equation 3.1 for a viscosity of 1012 Pa s for each base composition at the
water contents measured.
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Figure 3.6: Left panel: depression in T12 with the addition of water. Right panel: Change
in the fragility parameter m with increasing water content.
Figure 3.6 shows that the basaltic andesite melts see a greater depression in T12
at low water contents than the basaltic melts, and the effect diminishes at higher
water contents. The effect of water on basaltic melts is more linear, and smaller than
for basaltic andesite melts. The magnitude of the effect of water correlates with the
degree of polymerization of the melts as approximated by the ratio of non-bridging
oxygens to tetrahedrally-coordinated cations NBO/T.
A melt is described as fragile if its slope in log viscosity – T12/T space is steep
(e.g., Angell, 1991). The degree of fragility can be approximated by calculating the
slope at the glass transition, via fragility parameter m (Equation 3.2). Melts with
shallower slopes are described as ‘strong’. All four melts studied are fragile melts,
but their fragility is also affected by water as shown on the right panel in Figure 3.6.
All melts become stronger with increasing water content, and this effect is greatest
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on the natural Fe-bearing melts.
3.5.3 Global fit for hydrous calc-alkaline liquids
The investigation of the transport of calc-alkaline magmas from their source to em-
placement must account for their possible thermal, chemical, and rheological evolu-
tion. A single expression describing the viscosity of calc-alkaline liquids over a wide
range of water contents and SiO2 contents, and valid for high and low temperatures,
would ideally be easily incorporated in other thermal or chemical models for arc
systems. We included the following compositions in the data set for the global calc-
alkaline arc fit: synthetic basaltic andesite sba (Robert et al., 2013), natural Fuego
basaltic andesite fu18, synthetic basalt sb (Robert et al., under review), and natu-
ral Fuego basalt fu06 (Robert et al., under review), synthetic andesite BD (Hellwig,
2006), synthetic dacite BRD (Whittington et al., 2009b), synthetic rhyodacite SRD
and natural Santiaguito andesite SA05-14 (Avard, 2010), and Mono Crater rhyolites
MC (Romine, 2008). All compositions are direct remelts of samples from the active
volcanoes of the Guatemala arc or Fe-free analogues of melts from the Guatemala
arc, except for the Mono Craters rhyolites. The latter do however resemble intersti-
tial melts of Santiaguito dacitic lavas (Avard and Whittington, 2012). This data set
(n = 738) covers SiO2 contents between 50 and 77 wt.%, and water contents up to 6
wt.%.
We fitted the calc-alkaline melts dataset to an equation of the form:
log(η) = A+
b1 + b2xSiO2 + b3log[xH2O + w]
T − (c1 + c2xSiO2 + c3log[xH2O + w])
(3.3)
following Avard (2010) where xSiO2 is the SiO2 content of the melt in wt.% normalized
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to 100 on an anhydrous basis. All other parameters are as in Equation 3.1. The
parameters obtained are listed in Table 3.7. The chosen SiO2 term is linear. We
tested an equation in which the b2 and c2 terms were exponential with SiO2 content,
like the water terms, but it did not result in a improvement of the fit despite the extra
fit parameter. The incorporation of this expression in any other thermal, chemical,
or rheological model of arc systems requires knowing only: (i) the SiO2 content in
wt.% normalized to 100% of the melt, (ii) the H2O content of the melt, (iii) the
temperature(s) of interest, keeping the viscosity modelling relatively simple especially
compared to other published viscosity models.
Table 3.7: TVF parameters for global fits to the calc-alkaline suite (Equation 3.3)
fit A b1 b2 b3 c1 c2 c3 w RMSD n
fit 1 -4.55a -14713 415.0 -2490.5 1974.1 -25.0 -387.6 1.67 0.728 738b
fit 2 -4.55a -8539.3 265.7 11359 1429.2 -14.2 -1208 1.19 0.612 738b
fit 3 -12.52 -8545.3 565.6 11375 1260.7 -21.7 -943.3 1.11 0.527 738b
a Value of parameter A fixed to -4.55.
b Includes MC, SRD, BRD, BD, SA05-14, sba, fu18, sb, fu06.
We considered 3 different fits in Table 3.7. In the first two fits, we somewhat
arbitrarily constrained the A parameter to be -4.55 to match that of the widely used
Giordano et al. (2008) multi-component melt viscosity model. However, the value of
-4.55 is within the high-temperature limit value of A of -4.3 ±0.74 log Pa s obtained
for TVF fits by Russell et al. (2003). It should be noted that fit 1 shows significant
discrepancies for intermediate melts at high temperatures (e.g., BRD, SRD, SA05-
14, BD). Fit 2 is significantly tighter than fit 1, but it overestimates the viscosity of
hydrous high-temperature melts (circled on Figure 3.7). In fit 3, parameter A was
allowed to vary, which results in a still better fit, but also in an overestimation of
viscosity at the magmatic temperatures relative to the lowest or highest temperatures.
This does not detract from the RMSD because there are very few measurements at
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these temperatures, but it does suggest that this is not the best fit to use in modelling
igneous processes. The value of A obtained for this best fit is also well outside the
range expected for this parameter (Russell et al., 2003).
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Figure 3.7: Illustration of the three different fits in Table 3.7.
An empirical model attempting to describe the viscosity of hydrous subduction-
related calc-alkaline liquids should be able to reproduce the viscosity of hydrous liq-
uids at magmatic temperatures, not only emplacement temperatures. Fit 2 is only
marginally better than fit 1 because it fails to reproduce the hydrous high temper-
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ature data, which are few. We do not think fit 2 would be very useful in modelling
of hydrous arc melts, especially if users were not careful in its application because
arc magmas are very hydrous from their formation. Fit 3, although statistically the
best of the three fits, would probably overestimate melt viscosities in the temperature
interval between the liquidus and solidus of typical arc magmas.
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Figure 3.8: Test of fit 1 (Table 3.7) on literature viscosity data. L03* is an Fe-free, synthetic
analogue to L03. Melts L03, L03*, V06, and V08 are calc-alkaline, whereas GD03, V07,
and M09 are alkalic. Dotted lines represent ± 1 log units.
Figure 3.8 illustrates how well (or poorly) fit 1 reproduces other viscosity data
from the literature. All compositions are from arc settings, but some are “true” calc-
alkaline (e.g., L03, L03*, V06, V08), while others are either high-K “calc-alkaline”
(e.g., GD03, M09) or alkalic (e.g., V07; see Figures 3.1 and 3.2 for reference) melts.
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The calc-alkaline fit 1 is clearly not appropriate for alkalic melts such as are erupted at
Italian arc volcanoes and should not be used in their modelling. For such alkalic melts,
the simplification of SiO2 and H2O being the main or only controls on viscosity does
not apply, whereas it seems to work relatively well for typical, low-K, calc-alkaline
melts. Indeed, increasing the alkali content at constant NBO/T ratio and water
content reduces viscosity (Whittington et al., 2001). Fit 1 reproduces the viscosity
of all of the melts in Figure 3.8 with a RMSD of 0.92. If only the typical, low-K,
calc-alkaline melts are considered, the RMSD is 0.62.
3.5.4 Test of multi-component literature models
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Figure 3.9: Multi-component models from the literature. Top row: Giordano et al. (2008),
bottom row: Hui and Zhang (2007). Note the inset for the first panel of the bottom row,
showing extreme discrepancies between measured and calculated values of viscosity for hy-
drous high temperature melts.
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A single, simple expression to describe the viscosity of hydrous calc-alkaline liquids
shows obvious appeal when compared against the alternative of multi-component
models in the literature. We tested the two currently available multi-component
viscosity models from the literature on the same dataset, comprising calc-alkaline
melts of the Guatemala arc and Mono Craters rhyolites. These two models require
the user to input the melt compositions (10 oxides + water, Giordano et al., 2008,
“GRD” in Figure 3.9) or to input the melt composition and to perform additional
calculations (Hui and Zhang, 2007, “HZ” in Figure 3.9). These models were not
calibrated on any of the calc-alkaline melts fu06, sb, fu18, sba, BD, BRD, SA05-
14, SRD, or MC, as these data were not available at the time of their respective
publications. Results of the test are given in Figure 3.9.
The GRD model reproduces the dataset (n=738) with a RMSD of 0.78. The HZ
model reproduces the same dataset with a RMSD of 194.3. The unreasonably large
RMSD of the HZ model is due to its failure to reproduce high temperature hydrous
data (see inset on first panel of second row for Figure 3.9). If those data are ignored,
the HZ model reproduces the rest of the dataset (n = 731) with a RMSD of 1.21.
The HZ model should therefore not be used in models where the viscosity of hydrous
liquids at superliquidus conditions is needed. In comparison, the three fits considered
in Table 3.7 have RMSD values ranging from 0.53 to 0.73 log Pa s.
3.6 Summary
The available multi-component models GRD and HZ reproduce the calc-alkaline melt
viscosity data reasonably well considering these melts were not in the database used
for calibration. GRD is significantly better than HZ, especially for hydrous melts at
high temperature. However, these two models require considerable time to set up as
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they require an input of ∼10 oxides, in addition to temperature and water content. In
contrast, the model for calc-alkaline melts developed by Avard (2010) and expanded
here to lower and higher SiO2 contents only requires the input of temperature, water
content, and SiO2 content. This calc-alkaline model has the advantage to be much
simpler, and to reproduce the viscosity of calc-alkaline melts better than either GRD
or HZ (see Figures 3.7 and 3.8). However, this model should not be applied to
alkalic arc melts, or even high-K ‘calc-alkaline’ melts such as those erupted at Italian
volcanoes, which have been the subject of much viscometric study over the past two
decades.
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Chapter 4
Heat capacity of hydrous basaltic
glasses and liquids1
4.1 Introduction
Water is present to some degree in all glasses, whether man-made or naturally-
occurring. It is particularly important in geologic glasses formed by rapid cooling
of lava at volcanic arcs, where water gets released by dehydration of hydrous minerals
into the overlying mantle wedge during the subduction of oceanic plates, triggering
melting and production of hydrous basalt. Water contents can be up to 6 wt.% or
more (Sisson and Layne, 1993). Quantifying the effects of water on the physical and
thermodynamic properties of the hydrous magmas produced at arcs is required in
order to accurately model magmatic and volcanic processes.
There are very few data on the heat capacity of hydrous aluminosilicate glasses
and liquids (Bouhifd et al., 2006, 2013; Casey et al., 1976; Maschmeyer, 1980), and
1Robert, G., Whittington, A.G., Stechern, A., and Behrens, H., 2014. Heat capacity of hydrous
basaltic glasses and liquids. Journal of Non-Crystalline Solids 390, 19-30
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thus the compositional dependence of heat capacity and the effects of water speciation
on heat capacity are not well understood. Water is known to lower the glass transition
temperature dramatically in silicate systems, a dynamic transition readily observable
as a discontinuity in heat capacity.
Two previous studies investigated the effect of water on heat capacity for geologically-
relevant, multi-component compositions. Polymerized compositions, with non-bridging
oxygen to tetrahedrally-coordinated cation ratios (NBO/T) ranging from 0 to 0.21,
were studied by Bouhifd et al. (2006), and Bouhifd et al. (2013) studied two highly
depolymerized compositions with NBO/T ratios of 0.86 and 1.51. Bouhifd et al.
(2006) determined the partial molar heat capacity of water in polymerized glasses to
be independent of composition and to be well described by a single expression of the
Maier-Kelley form for all water contents investigated. The partial molar heat capac-
ity of water in glass therefore seems to also be independent of water speciation in
the glass above room temperature. They later used the same expression to describe
the partial molar heat capacity of water in highly depolymerized glasses (Bouhifd
et al., 2013). In all cases, they observed that water depresses the temperature of the
glass transition and increases the configurational heat capacity at the glass transition
relative to dry compositions.
Here we report new measurements of the heat capacity of hydrous basaltic glasses
and liquids which are important magmatic compositions in the Earth’s mantle and
crust, to test whether the partial molar heat capacity of water is really independent of
silicate composition, at least for complex, multicomponent materials. We show that
water has a negligible effect on the heat capacity of glasses, but measurable effects on
the configurational heat capacity, on the glass transition, and on the heat capacity of
liquids, which appear to depend on the melt polymerization.
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4.2 Experimental methods
4.2.1 Sample synthesis and characterization
The anhydrous glasses were obtained via two methods. Two crystal-rich lava sam-
ples were collected on Fuego volcano, Guatemala, crushed and melted at 1500 ◦C,
quenched to a glass, then crushed and remelted again two more times to obtain ho-
mogeneous glasses. Fe-free analogues to a natural basalt from Fuego volcano and a
natural basaltic andesite from Pacaya volcano, also in Guatemala, were obtained by
reproducing the whole-rock compositions of samples GU-4-309 (basalt) and VP743
(basaltic andesite) compiled in the Central American Geochemistry database (Carr
et al., 2013). Oxide and carbonate powders were mixed in the appropriate propor-
tions but all the Fe (calculated as FeO) was replaced by MgO on a molar basis to
conserve the NBO/T of the original natural composition. The powders were mixed
in acetone, the acetone burned off, then the mixtures were decarbonated by heating
slowly to 1200 ◦C. After decarbonation, the mixtures were melted at 1500 ◦C in Pt
crucibles, quenched to a glass, then crushed and remelted again two times two ensure
homogenization. Sample compositions are reported in Table 5.1 and compared with
literature samples in Figure 4.1. The basaltic and basaltic andesite samples in this
study have greater M2+/M+ ratios than previously studied samples (Bouhifd et al.,
2006, 2013). Previously studied samples include polymerized albite, granite, phono-
lite, and trachyte (NBO/T of 0, 0, 0.19, and 0.21, respectively), and highly depoly-
merized tephrite and foidite (NBO/T of 0.86 and 1.51, respectively). The basalt and
basaltic andesite samples in this study are moderately depolymerized, with NBO/T
ratios of 0.33 for the natural basaltic andesite fu18, 0.64 for the natural basalt fu06,
and of 0.40 for sba, and 0.67 for sb.
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Table 4.1: Compositions (wt.%) of the samples used in this study
Sample sba sb fu18 fu06
Description synthetic synthetic Fuego Fuego
basaltic andesite basalt basaltic andesite basalt
SiO2 54.42(0.35) 51.46(0.35) 53.08(0.41) 49.40(0.50)
TiO2 1.37(0.06) 1.16(0.06) 0.88(0.05) 0.96(0.05)
Al2O3 20.49(0.23) 18.62(0.92) 20.42(0.30) 17.57(0.21)
FeOtotal <d.l. <d.l. 7.50(0.26) 10.56(0.38)
MnO <d.l. <d.l. <d.l. <d.l.
MgO 8.40(0.18) 14.87(0.60) 3.21(0.09) 7.46(0.16)
CaO 10.39(0.29) 9.33(0.24) 8.94(0.19) 8.97(0.21)
Na2O 3.76(0.17) 3.28(0.36) 3.93(0.21) 3.10(0.25)
K2O 1.06(0.05) 0.71(0.04) 0.83(0.05) 0.60(0.05)
P2O5 0.20(0.08) 0.16(0.07)
TOTAL 99.90 99.44 98.99 98.79
NBO/T 0.40 0.67 0.33 0.64
AE/A a 5.47 8.85 3.31 6.13
A/NMb 0.15 0.10 0.23 0.14
Al/Sic 0.44 0.43 0.45 0.42
Fe2+/Fetotal
d 0.48 0.46
gfw (g)e 62.84 60.28 65.48 63.48
nf 3.005 2.897 3.042 2.908
Standard deviation on 30 measurements in parentheses.
a AE = MgO + CaO and A = Na2O + K2O in mole percent.
b NM = A + AE in mole percent.
c Al/Si in cation units.
d Value for dry starting glasses.
e Gram formula weight for one mole of oxides, assuming 0.01 wt.% H2O.
f Number of atoms per gram formula weight.
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Hydrous glasses were synthesized at 1250 ◦C or 1400 ◦C and 3 kbar in Internally
Heated Pressure Vessels at the Institut fu¨r Mineralogie of the Leibniz Universita¨t Han-
nover. The synthesis and sample characterization methods are described in detail in
Robert et al. (2013). Water contents of samples were determined using Karl Fischer
Titration as well as FTIR spectroscopy. Density was determined by the Archimedean
method using anhydrous ethanol as the immersion liquid. Water contents and densi-
ties are reported in Table 4.2.
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Figure 4.1: Comparison of the sample compositions in this study with literature samples
from Bouhifd et al. (2006) and Bouhifd et al. (2013); ab: albite, gr: dk89, ph: phonolite,
tr: trachyte, teph: tephrite, foid: foidite. Proportions of network formers (SiO2 + Al2O3 +
TiO2), and network modifiers (2+: MgO + FeO + CaO) or charge balancers (1+: Na2O
+ K2O) in moles. Note that the 1+ and 2+ axes are truncated at 50.s
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Table 4.2: Sample characterization
Sample core gfwa nb H2O H2O Weight ρ
d
g wt.%c mol %c mg kgm−3
sba dry 62.83 3.005 0.01 0.03 25.24 2608(1)
sba-10 top 62.07 3.005 0.50(19) 1.72(65) 24.79 2624(1)
sba-11 calorimetry 61.39 3.005 0.95(19) 3.24(65) 36.95 2618(2)
sba-04 calorimetry 59.86 3.005 2.00(19) 6.64(63) 31.17 2619(1)e
sba-03 calorimetry 58.59 3.005 2.92(19) 9.49(62) 23.21 2600(2)e
sba-07 calorimetry 57.47 3.005 3.76(27) 11.99(86) 41.97 2557(2)
sba-08 top 56.10 3.004 4.83(17) 15.04(53) 25.62 2534(1)
sba-13 centre 55.47 3.004 5.34(17) 16.44(52) 23.95 2541(1)
sb dry 60.27 2.897 0.01 0.03 37.48 2675(1)
sb-11 calorimetry 59.40 2.899 0.63(16) 2.08(53) 38.14 2691(1)
sb-12 calorimetry 58.48 2.901 1.31(16) 4.25(52) 32.20 2680(2)
sb-16 calorimetry 57.60 2.903 1.98(15) 6.33(48) 38.43 2655(1)
sb-14 calorimetry 56.29 2.907 3.02(16) 9.43(50) 47.96 2633(1)
sb-18 bottom 55.40 2.909 3.76(16) 11.56(49) 14.80 2614(1)
sb-17 bottom 54.35 2.911 4.65(16) 14.03(48) 23.78 2593(1)
fu18 dry 65.46 3.042 0.01 0.04 31.66 2655(1)
fu18-04 calorimetry 63.86 3.040 0.96(15) 3.40(53) 35.33 2654(2)
fu18-03 calorimetry 63.36 3.040 1.27(16) 4.47(56) 34.02 2652(2)
fu18-07 calorimetry 63.08 3.039 1.44(14) 5.04(49) 26.70 2652(1)
fu18-01 calorimetry 62.03 3.039 2.11(16) 7.26(55) 31.97 2634(1)
fu18-09 calorimetry 60.68 3.037 3.00(16) 10.10(54) 35.76 2622(3)
fu18-02 calorimetry 60.61 3.037 3.05(16) 10.26(54) 32.67 2613(2)
fu18-05 top 59.17 3.036 4.05(16) 13.30(53) 27.87 2592(1)
fu18-08 calorimetry 58.11 3.035 4.81(17) 15.51(55) 49.42 2578(1)
fu06 dry 63.46 2.908 0.01 0.04 29.49 2766(2)
fu06-07 calorimetry 61.64 2.912 1.18(16) 4.04(55) 29.21 2762(1)
fu06-06 calorimetry 61.25 2.913 1.44(16) 4.89(54) 40.66 2760(2)
fu06-03 calorimetry 60.01 2.915 2.29(16) 7.63(53) 22.32 2741(2)
fu06-04 calorimetry 59.43 2.916 2.70(15) 8.90(49) 20.50 2687(2)
fu06-05 calorimetry 58.89 2.918 3.09(16) 10.10(52) 29.55 2739(4)
fu06-10 calorimetry 58.87 2.918 3.10(20) 10.13(65) 34.21 2741(2)
a Gram formula weight for one mole of oxides.
b Number of atoms per gram formula weight.
c Uncertainty on water content in parentheses (last two significant figures).
d Density of compacted samples in the case of hydrous samples. Standard
deviation on 5 density measurements in parentheses.
e Samples synthesized at 5 kbar. All other hydrous samples synthesized
at 3 kbar.
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4.2.2 Calorimetry
Calorimetric measurements were made using Perkin Elmer DSC8500 and Netzsch
DSC 404 Pegasus F1 Differential Scanning Calorimeters (DSC), the former up to
750 ◦C and the latter up to 1495 ◦C. Measurements in the Perkin Elmer DSC8500
were performed using a scan rate of 25K/min, 25K ramp intervals, and 1 minute
holds between scanning steps under a nitrogen flow of 20 ml/min, and gold sample
and reference pans. Measurements in the Netzsch DSC404 were performed using con-
tinuous scanning at a rate of 20K/min under a nitrogen flow of 20 ml/min, and PtRh
alloy sample and reference pans. Prior to heat capacity measurements, compacted
glasses were relaxed to atmospheric pressure by heating them to the temperature at
which they were expected to have a viscosity of 1014 Pa s following the procedures
described above. That is, samples were heated in steps of 25 K, at a rate of 25K/min,
and held at each temperature, including the final temperature, for 1 min. The sam-
ples were then cooled ballistically. Each heat capacity measurement consisted of three
runs: a blank run with empty sample and reference pans, a standard run with empty
reference pan but using a pure α-Al2O3 disk as a sample, and finally the sample run
against an empty reference pan. Whenever possible, samples were prepared into thin
disks. Sample weight, water content, and density are reported in Table 4.2.
Repeat measurements on the same disk returned the same values of heat capacity
within 2% and glass transition temperature within 5K. Calorimetric measurements
on the α-Al2O3 standard disk run as an unknown recovered values well within 1% of
the standard values (Ditmars et al., 1982), which gives an indication of experimental
precision. These tests were performed with the same manipulations involved when
measuring an unknown and therefore take into account user-introduced errors. Details
of measurement uncertainty are provided in the Appendix A.
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Most hydrous samples did not undergo degassing or crystallization during the
measurements, as confirmed by the smooth heat capacity traces, unchanged sample
weight, and visual inspection. In a few cases, crystallization or degassing was con-
firmed visually or by weight change, in which case the data are only reported up to
the glass transition in Figure 5.2. A number of hydrous samples were measured using
both calorimeters, and the same glass transition temperature was obtained to within
5K.
4.3 Results
The results of heat capacity measurements on the four series of glasses and melts are
reported in Tables 4.3-4.7 and in Figures 5.2 and 4.3. All the data in Tables 4.3-4.6
were measured in the Perkin Elmer DSC8500. All data in Table 4.7 were measured
in the Netzsch DSC404. The data in the tables are reported in Jmol−1K−1, where
the mole is one mole of oxides. In Figures 5.2 and 4.3 the same data are plotted in
J per gram atom K, which is the Jmol−1K−1 value divided by the number of atoms
in the mole of oxides (given in Table 4.2). This yields the heat capacity per mole
of atoms, for which the Dulong-Petit harmonic limit of heat capacity is 3R/g atom
(Haggerty et al., 1968), and which allows direct comparison with other previously
studied compositions.
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Figure 4.2: Heat capacity of the synthetic basalt sb (a) and basaltic andesite sba (b), and
natural basalt fu06 (c) and basaltic andesite fu18 (d) samples. Water contents (in wt.%)
marked next to corresponding curve. Symbols alternate between black and grey with increas-
ing water content for clarity. In the case of sample fu18 (d), where samples with similar
water contents were measured resulting in overlapping curves, the lines linking the data
points also alternate (solid for black symbols, dashed for grey symbols). Solid black lines
are the heat capacity traces for the dry samples run in the Netzsch calorimeter at constant
heating rate of 20K/min.
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4.3.1 Glasses
The Maier-Kelley equation of the form CP = a + bT + cT
−2 was fitted to the data
for each hydrous glass. The resulting best fit a, b, and c parameters are given in
Table 4.8, together with the root-mean square deviation (RMSD). We also compared
the individual fits to hydrous glasses with the heat capacities obtained for them via
additive models of the partial molar heat capacity of individual oxides (cf. Richet,
1987; Stebbins et al., 1984). We used the partial molar heat capacities of SiO2, Al2O3,
TiO2, FeO, MgO, CaO, Na2O, and K2O published in Richet (1987) to calculate the
partial molar heat capacity of the dry glass component (C
glass
P,dry), and obtained a best
fit value for H2O (C
glass
P,H2O
) by minimizing the RMSD. The heat capacity of a given
hydrous glass then becomes: CP = (1 − xH2O)CglassP,dry + xH2OCglassP,H2O, where xH2O is
the mole fraction of water. We included the data reported in Bouhifd et al. (2006)
and Bouhifd et al. (2013) with the data from this study, and fitted all data together
as well as separated into three different polymerization groups: polymerized (albite,
granite, phonolite, and trachyte, all from Bouhifd et al., 2006), basaltic (sb, sba, fu06,
and fu18, all from this study), and depolymerized (tephrite and foidite from Bouhifd
et al., 2013) (Table 4.9). The global data set was also fitted using the partial molar
heat capacity of water from Richet (1987) (obtained on a single ZnO-aluminosilicate
composition, from Maschmeyer, 1980) and Bouhifd et al. (2006).
If we do not impose any constraints on the fit parameters, the best fit is obtained
through C
glass
P,H2O
= 3.467 + 112.7 × 10−3T − 3.646 × 105T−2 (Jmol−1K−1) with a
RMSD of 0.922. This results in a partial molar heat capacity that tends to infinity
at 0K, similar to the results of Bouhifd et al. (2006), which is obviously unsuitable
for extrapolation outside the measured temperature range. We then constrained
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Table 4.8: Coefficients for hydrous glass heat
capacity CP = a + bT + cT
−2 (Jmol−1K−1)
Sample a 103b 10−5c RMSD
fu06 drya 59.11 17.68 -15.04 0.174a
fu06-07 54.31 24.11 -12.67 0.059
fu06-06 50.69 29.84 -11.57 0.121
fu06-03 53.35 26.41 -11.81 0.047
fu06-04 52.44 30.26 -10.90 0.060
fu06-05 47.85 33.46 -9.98 0.083
fu06-10 48.01 33.56 -10.29 0.073
fu18 dry 59.94 19.89 -15.48 0.075
fu18-04 54.74 27.46 -13.09 0.059
fu18-03 53.56 29.73 -12.28 0.067
fu18-07 55.72 26.26 -13.15 0.078
fu18-01 50.84 33.48 -10.91 0.092
fu18-02 49.41 35.34 -10.71 0.062
fu18-09 48.30 36.66 -10.32 0.074
fu18-05 45.84 40.63 -9.00 0.053
fu18-08 45.26 42.61 -8.87 0.043
sb dry 58.25 16.99 -15.69 0.108
sb-11 55.43 20.25 -14.25 0.093
sb-12 54.29 21.86 -13.31 0.094
sb-16 53.18 23.47 -13.35 0.086
sb-14 49.22 29.38 -11.61 0.172
sb-18 47.42 31.11 -10.20 0.084
sb-17 48.57 31.11 -11.05 0.065
sba dry 62.08 16.45 -16.21 0.135
sba-10 60.07 18.98 -15.09 0.088
sba-11 56.01 23.36 -14.16 0.068
sba-04 54.89 24.89 -13.39 0.090
sba-03 54.40 26.88 -12.53 0.191
sba-07 48.18 35.22 -10.86 0.072
sba-08 47.32 37.37 -10.25 0.049
a Fit excludes 765K datum.
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Table 4.9: Partial molar heat capacity of water in glasses (Jmol−1K−1)
Samples n a 103b 10−5c RMSD Reference for fit
ab/gr/ph/tr 264 102.1 1a -64.02 0.769 This study
sb/sba/fu06/fu18 475 76.78 1a -45.14 0.789 This study
foid/teph 132 106.3 1a -101.3 0.859 This study
global(constrained) 871 82.80 1a -48.27 0.954 This study
global(unconstrained) 871 3.467 112.7 -3.646 0.922 This study
global 871 -122.3 341.6 63.44 1.592 Bouhifd et al. (2006)
global 871 81.44 0.098 -31.09 1.089 Richet (1987)
n: number of data in fit.
gfw for H2O = 18.02 g.
aFit was constrained b ≤0.001 to force a concave-down shape, and returned the maximum
value.
the ‘a’ and the ‘b’ parameters to be positive, the ‘c’ parameter to be negative, and
the ‘b’ parameter to be between 0 and 0.001 in order to obtain a concave partial
molar heat capacity curve, i.e., one that tends to 0 Jmol−1K−1 at 0K, and obtained
C
glass
P,H2O
= 82.80 + 10−3T − 48.27× 105T−2 (Jmol−1K−1) with a RMSD of 0.954. The
corresponding results are plotted in Figure 4.4. We prefer this constrained fit, even
though it is statistically not quite as good, because it extrapolates down to zero at
0K. However, neither fit should be extrapolated much below room temperature, and
the RMSD is less than 1 Jmol−1K−1 (i.e., better than 2% relative) for both fits.
4.3.2 Glass transition
Increasing the amount of dissolved water in the glasses lowers the onset temperature of
the glass transition with respect to the dry glasses. The effect is particularly strong at
low water contents, with subsequent decreases in onset temperature becoming smaller
at high water contents (Figure 5.2). The calorimetric glass transition temperature is
reported in Table 4.10, along with the viscometric glass transition temperature for
the same samples, where available (Robert et al., 2013, and unpublished data). The
98
viscometric glass transition temperature is systematically lower than the calorimetric
glass transition temperature because of the shorter experimental timescales in the
calorimetry experiments.
We fit the liquid heat capacity data to a straight line (Table 4.10). The linear fit to
liquid heat capacity was extrapolated to lower temperatures, the Maier-Kelley fit for
the glasses extrapolated to higher temperatures, and the low temperature and high
temperature intersections of the extrapolated curves with a linear fit of the steepest
part of the heat capacity data through the glass transition defined Ta and Tb. The
calorimetric glass transition temperature is then defined as TDSCg = Ta + (Tb - Ta)/2
(e.g., Webb and Knoche, 1996). The glass transition temperatures obtained by fitting
the step scan DSC data obtained in the Perkin Elmer calorimeter and the continuous
traces on repeat samples in the Netzsch calorimeter agree to within 5 K.
4.4 Discussion
4.4.1 Heat capacity of hydrous glasses
Our results show that the heat capacity of glasses is not significantly affected by the
addition of water (Figure 5.2). The main effect of water on heat capacity is to lower
the onset temperature of the glass transition. We do not observe a clear compositional
dependence for the partial molar heat capacity of water in glass, and certainly not
one that correlates with the degree of polymerization of the glasses. We agree with
previous authors (Bouhifd et al., 2006, 2013) that the partial molar heat capacity of
water in glasses should be considered independent of silicate glass composition. The
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partial molar heat capacity of water in glass is also independent of speciation, as
water speciation varies based on water content and glass composition in the range of
water contents investigated. We obtain our best statistical fit for the partial molar
heat capacity of water in glass when we do not constrain any of the parameters in the
Maier-Kelley expression. The resulting curve has a shape similar to that previously
obtained by Bouhifd et al. (2013) for water (Figure 4.4a,c) and to those of SiO2 and
B2O3 (Figure 4.4b). The oxides SiO2, B2O3, and H2O have different structural roles in
aluminosilicate melts. Si4+ is the principal network-forming cation. B3+ is generally
a network-former, but it may form a network separate from that of silicate depending
on the nature and proportion of network-modifying cations also present (Lenoir et al.,
2008). H2O also has complex structural roles, but is considered a network modifier. It
is therefore perhaps unexpected that their partial molar heat capacities be similarly
dependent on temperature. We note, however, that partial molar values of water
below room temperature are extrapolated. The expression we derived here, by fitting
all available heat capacity data on hydrous glasses, reproduces the data significantly
better than the expression of Bouhifd et al. (2006), which was derived primarily for
polymerized compositions.
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Table 4.10: Glass transition temperatures
sample TDSCg T12 (viscometric) ∆CP (Tg) ∆CP (Tg) m
liquid
linear b
liquid
linear RMSD
liquid
linear
K K Jmol−1K−1 %
sba dry 1010a 986 21.09 27 -0.005 103.64 0.279
sba-10 928 900 22.19 29 -0.032 127.75 0.298
sba-11 886 860 24.14 32 -0.053 145.83 0.150
sba-04 826 807 25.42 35 -0.045 135.75 0.210
sba-03 777 768 27.43 37 -0.080 162.45 0.001
sba-07 740 730 26.23 36 0.000 98.48 0.000
sb dry 1005a 982 23.10 31 -0.002 98.95 0.332
sb-11 936 905 26.31 36 -0.073 167.07 0.240
sb-12 895 878 26.89 37 -0.057 149.92 0.013
sb-16 836 814 28.57 40 -0.052 143.17 0.059
sb-14 795 772 26.60 38 0.025 77.43 0.000
fu18 dry 968a 948 19.33 25 -0.006 102.68 0.001
fu18-04 852 840 22.99 30 -0.046 138.70 0.093
fu18-03 826 n.a. 24.81 33 -0.076 163.87 0.064
fu18-07 821 802 21.94 29 -0.016 110.05 0.333
fu18-01 779 765 23.03 31 -0.012 107.60 0.599
fu18-09 747 730 28.75 39 -0.061 148.12 0.000
fu06 dry 950a 933 23.10 31 -0.013 109.73 0.599
fu06-07 842 837 27.93 38 -0.064 154.75 0.324
fu06-06 819 820 27.53 38 -0.053 144.50 0.265
fu06-03 775 771 28.94 40 -0.034 127.40 0.769
fu06-04 753 738 30.30 41 -0.080 163.89 0.000
a Netzsch calorimeter.
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Figure 4.4: a: Partial molar heat capacity of water in glasses (C
glass
P,H2O). Solid grey curve
from the model of Richet (1987) (derived from a single hydrous glass of Maschmeyer (1980);
R87). Grey dotted curve shows the C
glass
P,H2O obtained by Bouhifd et al. (2006) for polymerized
glass compositions, and also later applied to very depolymerized glasses (Bouhifd et al., 2013)
(B06). The solid black line shows the value obtained by refitting all available heat capacity
data on hydrous aluminosilicate glasses; the thick dotted line shows the unconstrained fit
results. Also shown are values for the polymerized (dashed), the basaltic (short dashed), and
the depolymerized (long dashed) glasses. b: Partial molar heat capacity of major oxides in
glass from the model of Richet (1987). Water curves from this study. c: Comparison of the
partial molar heat capacity of water in glass with the values of Richet (1987), Bouhifd et al.
(2006), our derived values, and the heat capacity of pure water (Wagner and Pruss, 2002,
H2OW&P ).
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4.4.2 Configurational heat capacity
The increase in heat capacity at the glass transition is a result of the configurational
heat capacity, representing the ability of the liquid to flow and explore new configu-
rations that are unavailable to the glass. We have plotted the change in heat capacity
at the glass transition of dry samples from our study and the studies of Bouhifd et al.
(2006) and Bouhifd et al. (2013) as a function of the degree of polymerization (Figure
4.5a). There is a clear trend of ∆CP (Tg) increasing as NBO/T increases between 0
and 0.5, whereas the change in heat capacity at the glass transition is approximately
the same for samples with NBO/T ≥ to 0.5 (e.g., basalt to foidite). There therefore
seems to be a ‘polymerization limit’ below which samples are affected similarly by
water regardless of their actual polymerization.
We observe a slight dependence of the configurational heat capacity at the glass
transition on water content (Table 4.10, Figure 4.5b), with its magnitude generally
increasing with increasing water content. It is important to note, however, that
this increase is due to the onset of the glass transition occurring below the Dulong-
Petit harmonic limit of 3R (on a g atom basis), rather than a marked increase in the
maximum heat capacity values of the supercooled liquids (see Figures 5.2 and 4.5c,d).
We plotted the calorimetric glass transition temperature as a function of water
content in Figure 5.4a. We note that the effect of water on Tg depression is of the
same order for all depolymerized samples (NBO/T > 0.33). This is supported by
the viscometry results, which also show that water has a smaller depressing effect on
the glass transition at higher water contents and that samples of NBO/T > 0.5 are
similarly affected by the addition of water (Figure 5.4b).
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Figure 4.5: Change in heat capacity at the glass transition for the anhydrous samples only vs.
the ratio of non-bridging oxygens to tetrahedrally-coordinated cations (NBO/T; a). Change
in heat capacity at the glass transition vs. water content (b). Details of the glass transition
temperature: maximum liquid heat capacity as a function of water content (c), and glass
heat capacity at the onset of the glass transition (d). Dashed line shows the Dulong-Petit
harmonic limit of 3R/g atom. Symbols as in Figure 4.1. Uncertainties on water content for
the samples in this study shown in panel (b), but omitted on other panels for clarity. See
Table 4.2 for details.
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Figure 4.6: Calorimetric glass transition temperature depression as a function of wa-
ter content (a) and viscometric glass transition temperature depression as a function of
NBO/T (b). We calculated ∆Tg = as Tg(dry)
calorimetric-Tg(hydrous)
calorimetric or ∆Tg =
as Tg(dry)
viscometric-Tg(hydrous)
viscometric. In the case of the calorimetric Tg we used mea-
sured values. For the viscometric Tg, we fit each set of viscosity data with an equation of
the form log(η) = A+ BT−C , where where B = b1−b2log[w−x], C = c1−c2log[w−x], b1, b2,
c1, and c2 are fit parameters, w is the water content in wt.% and x is a constant. We used
A values from TVF fits on the dry viscosity data published in previous studies of the same
samples (Whittington et al., 2000, 2001, 2009a). We then extracted the Tg for the water
contents of interest (0, 0.5, 1, 2, and 3 wt.%). The line in 5.4a is a simple square root fit to
the depolymerized data (foid, teph, sb, fu06, sba, fu18) where ∆Tg = 66.39×(H2Omol%)1/2.
Smallest and largest uncertainty on water content for the samples in this study are shown.
See Table 4.2 for details. The dashed arrow in b shows schematically the effect of water on
the glass transition temperature.
A plot of the configurational heat capacity at the glass transition vs. the measured
calorimetric glass transition temperature highlights the two distinct groups of poly-
merized (ab, gr, ph, tr) and depolymerized (basalts, foid, teph) compositions (Figure
4.7). Depolymerized samples show a greater contribution of the configurational heat
capacity at the glass transition than polymerized samples. Depolymerized samples
also see less of a glass transition temperature depression with increasing water con-
tent, or a greater contribution of CconfP (Tg) with increasing water content, or both.
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Among the depolymerized samples, foidite and tephrite show an even steeper slope
than the basalts. These observations confirm the smaller effect of water on the glass
transition of increasingly depolymerized samples.
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Figure 4.7: Change in heat capacity at the glass transition vs. calorimetric glass transition.
4.4.3 Heat capacity of hydrous liquids
The effect of increasing water content on CliquidP (Tg) seems to be one of overall increase,
as mentioned above, with some of the depolymerized samples showing slight decreases
at the highest water contents measured. In most studied samples, we observe a slight
decrease in the heat capacity of the hydrous liquids with increasing temperature
above the glass transition. This effect is reproducible and consistent across both
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calorimeters, and was observed in a previous study of strongly depolymerized hydrous
liquids (Bouhifd et al., 2013), but not for more polymerized hydrous liquids (Bouhifd
et al., 2006). The heat capacity of aluminosilicate liquids is usually assumed to be
independent of temperature for configurational entropy modelling of viscosity (Richet
et al., 1986; Neuville et al., 1993; Whittington et al., 2009a), based on limited data at
temperatures just above the glass transition. A temperature-dependent liquid heat
capacity therefore has consequences for the derived configurational entropy values
used in modelling viscosity and this deserves further study.
We derived a partial molar heat capacity of water in basaltic liquids assuming
a temperature-independent liquid heat capacity, and using the maximum measured
liquid heat capacity as the constant liquid value. The partial molar heat capacity
of the dry liquids was taken as the measured maximum liquid heat capacity of the
anhydrous liquids for each of the four liquids. The liquid heat capacity equation be-
comes: C liquidP = (1−xH2O)C
liquid
P,dry +xH2OtotalC
liquid
P,H2Ototal
, in which C
liquid
P,H2Ototal
is the only
unknown. We reprocessed literature data in the same fashion. The partial molar heat
capacity of water in silicate liquids seems to be dependent on composition, becoming
larger as polymerization decreases, although a fit to the global dataset reproduces the
data reasonably well with a single value of ∼93 Jmol−1K−1 (Table 4.11). We obtain
C
liquid
P,H2Ototal
values of ∼79, ∼86, and ∼215 Jmol−1K−1 for the polymerized, basaltic,
and strongly depolymerized samples, respectively. More data are needed, particularly
at higher water contents, in order to confirm this compositional dependence.
Bouhifd et al. (2006) and Bouhifd et al. (2013) derived a compositionally-dependent
partial molar heat capacity of hydroxyl (OH−) water in their hydrous liquids. They
obtained a value of 153±18 Jmol−1K−1 in polymerized liquids and 281±47 Jmol−1K−1
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in depolymerized liquids. From their results, the partial molar heat capacity of molec-
ular water (H2Om) in hydrous liquids is interpreted to be independent of composition.
Because of the large differences they obtained for the hydroxyl component in poly-
merized vs. depolymerized liquids, they derived compositionally-dependent values for
the partial molar heat capacity of total water in hydrous liquids (237 ±40 and ∼85
Jmol−1K−1 for strongly depolymerized and polymerized liquids, respectively). Again,
it should be stressed that this derivation assumed that the liquid heat capacity is in-
dependent of temperature. Moreover, speciation is measured in the quenched glasses
and assumed to be applicable to liquids. We also attempted to derive partial molar
heat capacities of molecular water and hydroxyl in basaltic liquids, but there is in-
sufficient data to constrain the individual species. We obtained ∼222 Jmol−1K−1 for
molecular water, and a negative value of ∼-3 Jmol−1K−1 for hydroxyl. Such values
are clearly not meaningful. Contrary to what is observed in silicate glasses, where
water has almost no effect on heat capacity, there does seem to be a compositional
dependence of the partial molar heat capacity of water in silicate liquids. However,
there are a number of caveats involved in the derivation of the values, especially in the
case of the values derived for the different water species. In situ speciation data for
liquids of different polymerizations and an analysis of the temperature-dependence of
liquid heat capacity will be necessary to resolve the effect of water and its different
species on liquid heat capacity.
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Table 4.11: Partial molar heat capacity of water
in liquids (Jmol−1K−1)
n C
liquid
P,H2Ototal
RMSD
global 29 93.34 3.23
gr/ph/tr 11 78.82 1.78
sb/sba/fu06/fu18 11 86.08 2.14
foid/teph 7 214.63 1.31
n: number of data in fit.
Albite excluded from all fits.
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Chapter 5
Heat capacity and viscosity of
basaltic melts with H2O ± F ±
CO2
1
5.1 Introduction
Arc volcanism is characterized by volatile-rich magmas. Water is by far the most
abundant volatile, present in amounts up to ∼6 wt.% (e.g., Sisson and Layne, 1993;
Berlo et al., 2012), but carbon dioxide and fluorine are also present in smaller quan-
tities (Blundy et al., 2010). Fluorine concentrations are typically in the 100-1000
ppm range in subduction-related basalts (Aiuppa et al., 2009), and CO2 abundances
can be a few thousand ppm (e.g., Wallace, 2005). Both H2O and CO2 have solubil-
ities that are negligible at atmospheric pressures, but which increase with pressure.
Moreover, the solubility of CO2 is much less than that of H2O for relevant crustal
1Submitted for publication in Chemical Geology. Currently under review.
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pressures (e.g., Shishkina et al., 2010). In contrast, fluorine is incompatible in the
gas phase, and does not exsolve with the other volatiles upon depressurization of the
magma. Indeed, fluorine is relatively soluble in melts even at atmospheric pressure
(Webster, 1990; Aiuppa et al., 2009). In silicic systems, the addition of F has even
been demonstrated to increase the solubility of water (Holtz et al., 1993). Water and
CO2, however, affect each other’s solubilities negatively (e.g., Papale, 1999; Shishkina
et al., 2010) at equilibrium conditions. Magma degassing paths recovered from the
analysis of H2O and CO2 in matrix glasses and melt inclusions typically point to
vapour-buffered conditions, where the magma is in equilibrium with a gas phase of
fixed composition, perhaps coming from deeper open-system degassing in the system
(e.g., Blundy et al., 2010).
There are a few previous studies that investigated the effects of CO2 on the vis-
cosity of silicate systems (Brearley and Montana, 1989; White and Montana, 1990;
Bourgue and Richet, 2001; Morizet et al., 2007). Based on these limited data, the
effect of CO2 on viscosity is difficult to interpret. Indeed, CO2 was interpreted to
have no effect on viscosity based on calorimetric measurements of the glass transition
(e.g., Morizet et al., 2007) on jadeite (NBO/T = 0) and phonolite (NBO/T = 0.18)
melts, but to have a strong depressing effect, comparable to that of water, on the
viscosity of a potassium silicate (K2O-SiO2) melt (e.g., Bourgue and Richet, 2001).
Brearley and Montana (1989) found that CO2 reduced the viscosity of albite melt at
high pressures, but not that of Na-melilite melt. White and Montana (1990) found
that CO2 had a greater viscosity-reducing effect on sanidine melt than albite melt,
at high pressures. In fact, they found CO2 to be as efficient as H2O in reducing the
viscosity of sanidine melt at high temperature and pressures (1500-1600 ◦C and 25
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kbar).
The effects of fluorine on viscosity have been previously studied in compositions
ranging from alkali-rich and silicic melts to diopside melts, with and without water
also present (e.g., Dingwell and Mysen, 1985; Dingwell et al., 1985; Dingwell, 1989;
Dingwell and Webb, 1992; Bagdassarov et al., 1993; Baker and Vaillancourt, 1995;
Giordano et al., 2004; Zimova and Webb, 2007; Barber, 2007; Baasner et al., 2013).
Fluorine was always found to decrease the viscosity of the samples studied, relative
to F-free compositions. The combined effects of F and H2O were found to be additive
in the haplogranitic system by Giordano et al. (2004), but not in the albitic system
by Dingwell (1987). The combined effects of H2O ± F ± CO2 have never been
investigated together on the same composition. Moreover, compositions for which the
effects of these three volatiles on viscosity and/or heat capacity have been investigated
are mostly either Fe-free synthetic analogues or naturally low Fe melts (e.g., granite,
rhyolite).
We present viscosity and heat capacity data obtained on natural remelts of a calc-
alkaline basalt from Fuego volcano, Guatemala, for samples containing water and
fluorine, CO2, or both. Data were also collected on Fe-free synthetic analogues for
calc-alkaline basalt containing water and fluorine or only fluorine.
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5.2 Experimental methods
5.2.1 Sample synthesis
The natural anhydrous glasses were obtained by remelting and homogenizing a crys-
talline sample collected on Fuego volcano, Guatemala, in a high-temperature furnace
at 1600 ◦C under atmospheric conditions, for 30 minutes to 1 hour. Homogenization
was achieved by quenching the melt to a glass, crushing it and remelting it, and re-
peating this process two times. The Fe-free synthetic analogue samples were obtained
by mixing oxide and carbonate powders in the appropriate proportions to reproduce
the whole-rock composition of sample GU-4-309 compiled in the Central American
volcanic rock geochemistry database (Carr et al., 2014), but replacing the iron, cal-
culated as FeO, by MgO on a molar basis. After slow decarbonation, the CO2-free
mixture was melted and homogenized following the same procedure as for the natu-
ral sample. The decarbonation procedure consists in heating the powder mixture at
10 ◦C/min to 300 ◦C, holding for 10 minutes, heating at 2 ◦C/min to 700 ◦C, holding
for 120 minutes, heating at 0.5 ◦C/min to 950 ◦C, holding for 60 minutes, and finally
heating to 1200 ◦C at 2 ◦C/min before shutting power off and cooling to room tem-
perature. Compositions reported in Table 5.1 represent the average of 30 electron
microprobe analyses (see Robert et al., 2013, for details).
Volatiles were dissolved in the anhydrous melts under pressure, in internally heated
pressure vessels (IHPV) at the Institut fu¨r Mineralogie, Leibniz Universita¨t Hannover.
The anhydrous glasses were crushed and sieved to obtain size fractions of <100 µm
and 100<x<200 µm that were subsequently mixed in a 1:1 ratio. Distilled water was
added in a step-wise fashion to the dry powders in AuPd capsules of 6 mm internal
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Table 5.1: Compositions (wt.%) of the sam-
ples used in this study
Sample sb fu06
Description synthetic Fuego
basalt basalt
SiO2 51.46(0.35) 49.40(0.50)
TiO2 1.16(0.06) 0.96(0.05)
Al2O3 18.62(0.92) 17.57(0.21)
FeOtotal <d.l. 10.56(0.38)
MnO <d.l. <d.l.
MgO 14.87(0.60) 7.46(0.16)
CaO 9.33(0.24) 8.97(0.21)
Na2O 3.28(0.36) 3.10(0.25)
K2O 0.71(0.04) 0.60(0.05)
P2O5 0.16(0.07)
TOTAL 99.44 98.79
NBO/T 0.67 0.64
AE/A a 8.85 6.13
A/NMb 0.10 0.14
Al/Sic 0.43 0.42
Fe2+/Fetotal
d 0.46
gfw (g)e 60.28 63.48
nf 2.897 2.908
a AE = MgO + CaO and A = Na2O + K2O
in mole percent.
b NM = A + AE in mole percent.
c Al/Si in cation units.
d Value for dry starting glasses.
e Gram formula weight for one mole of oxides,
assuming 0.01 wt.% H2O.
f Number of atoms per gram formula weight.
Standard deviation on 5 measurements in
parentheses.
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diameter and ∼30 mm in length. The glass powder was compacted at each step using
a metal piston. Each sample was brought to 1250 or 1400 ◦C (sample sb has a higher
liquidus temperature and low water content syntheses required high temperatures)
and 3 kbar in the IHPV for 16 hours followed by rapid isobaric quench. For samples
also containing F and/or CO2, an aliquot of the anhydrous base composition was
mixed with the appropriate amount of F, added as AlF3, and/or CO2 as Ag2C2O4.
Adding F as AlF3 ensured that the Al content of the natural base composition, fu06,
would be affected only slightly because 3 moles of F are added for every mole of Al.
Microprobe measurements on the F-bearing samples recorded Al2O3 between 17.68
for the dry base composition to 18.17 wt.% for samples containing 1.28 wt.% F. These
mixed powders were then loaded in AuPd capsules and water added in a step-wise
fashion. The mixtures containing multiple volatiles were melted at 1250 ◦C and 5 kbar
for 3 hours. After this initial synthesis, the quenched glass was recovered, recrushed
and loaded into Pt capsules with flat, circular bottoms of ∼4 mm in diameter. These
were remelted at 5 kbar and 1250 ◦C for only 3 minutes to avoid Fe loss to the Pt
capsule wall. Pt capsules are more flexible than AuPd capsules and therefore minimize
stresses on the sample during quenching. We were therefore able to produce intact
glass cylinders that could simply be unwrapped from the capsules after quenching.
Anhydrous samples with F as the only volatile (sb+F, fu06+F) were synthesized
at 1 atm in the laboratory at the University of Missouri – Columbia. In the natural
samples, F was added to an fu06 remelt as CaF2 powder. This resulted in an increase
in the Ca content of fu06 from 9.08 wt.% for the volatile-free samples to 11.33 wt.% for
the samples with 2.02 wt.% F. In the synthetic composition sb, calcium is introduced
as CaCO3, and the compositions decarbonated to remove all CO2. We introduced F
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in sb by replacing the appropriate amount of CaCO3 by CaF2 in the mixture (one
oxygen atom is exchanged for two fluorine atoms via the exchange operator F2O−1).
We did not detect a difference in the measured CaO content between the F-bearing
and F-free glasses, within microprobe uncertainty.
5.2.2 Sample characterization
Backscattered electron images of the samples containing a single volatile (either H2O
or F) and the synthetic sample sb+H2O+F showed they contained no vesicles or
crystals and had homogeneous glass. Glasses of natural basalt, fu06, containing
multiple volatiles, however, were always vesicular (vesicles up to 50 µm in size), with
an inhomogeneous vesicle disribution, but they did not contain quench crystals. We
interpret the vesicles to be pockets of trapped air remaining in the glasses because
of the short (3 minute) final synthesis step. The most porous samples had bubble
fractions of ∼0.10.
The density of the glass cores was measured before and after each viscosity ex-
periment, and before each calorimetry experiment. Density was measured by the
Archimedean method, using anhydrous ethanol as the immersion liquid. The densi-
ties of the samples containing multiple volatiles represent the density of the volatile-
bearing glass plus any air bubbles rather than a true skeletal density, as is the case
for the non-vesicular dry or hydrous samples. Water content of the samples contain-
ing no other volatiles was determined by Karl Fischer Titration (KFT). We refer to
Robert et al. (2013) for details of the two methods.
The CO2 content of samples was determined by FTIR in the Middle InfraRed
(MIR) range on doubly polished sections of 100 µm thickness at LUH. All samples
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showed a double peak at 1430 and 1520 cm−1 indicating carbon dissolved as carbonate
rather than molecular CO2. This is in agreement with previous studies in tholeiitic
basalts (e.g., Shishkina et al., 2010). The 1520 cm−1 peak overlapped with the 1630
cm−1 molecular H2O peak, and therefore the 1430 cm−1 CO2−3 peak was used to
extract the CO2 concentrations. We used the absorption coefficients ε1430 = 317 ±23
Lmol−1cm−1 derived for CO2 by Shishkina et al. (2010) for tholeiitic basalts, and ε3550
= 61 ±7 Lmol−1cm−1 for water calibrated based on the KFT measurements of fu06.
Water and CO2 concentrations (C) were then obtained with the following equations:
CH2O =
MH2O · A3550
ρ · d · ε3550 (5.1)
CCO2 =
MCO2 · A1430
ρ · d · ε1430 (5.2)
where M is the molar mass in gmol−1, A the absorbance at a given wavenumber, ρ the
density in gL−1, d the sample thickness in m, and ε the linear molar absorption coef-
ficients in Lmol−1cm−1. This method is valid only for low water contents measurable
in the Middle InfraRed range (MIR).
Fluorine content was measured by electron microprobe at LUH. The instrument
is a CAMECA SX 100. We used an acceleration voltage of 15 keV, a beam current
of 4 nA, a defocused beam diameter of 10 µm, and a longer than typical counting
time of 20 s due to fluorine’s low atomic number. The standard for fluorine was SrF2.
Volatile contents of the samples are reported in Table 5.2. The Fe2+/Fetotal ratio of
the Fe-bearing samples was determined by wet chemistry based on the method of
Wilson (1960) and subsequently modified by Schuessler et al. (2008).
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5.2.3 Viscometry
We measured viscosity at low temperatures just above the glass transition by parallel-
plate viscometry on cylindrical samples with polished parallel ends. Samples had
diameters between 4-6 mm and lengths between 4-10 mm. Details of the technique
and calibration of the parallel-plate apparatus can be found in Whittington et al.
(2009b). Samples generally underwent less than 10% shortening during the viscosity
measurements and the cores maintained a cylindrical shape. We therefore calculated
viscosity from the shortening rate of the samples at constant load using the perfect
slip condition (Dingwell et al., 1993). The measured densities of samples containing
up to 10% air bubbles are too high for all the porosity to be isolated. We therefore
think only a very small fraction of the porosity is isolated and do not expect the
connected porosity to affect the viscosity measurements, especially as most of the
porosity should be sealed off during the viscosity measurements as the samples are
deformed above the glass transition.
5.2.4 Calorimetry
Calorimetric measurements were made using Perkin Elmer DSC8500 and Netzsch
DSC 404 Pegasus F1 Differential Scanning Calorimeters (DSC), the former up to
750 ◦C and the latter up to a 1495 ◦C. Measurements in the Perkin Elmer DSC8500
were performed using a scan rate of 25K/min, 25K intervals, and 1 minute holds
between scanning steps under a nitrogen flow of 20 ml/min and gold sample and
reference pans. Measurements in the Netzsch 404 Pegasus F1 were performed us-
ing continuous scanning at a rate of 20K/min under a nitrogen flow of 20 ml/min
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and PtRh alloy sample and reference pans. Prior to heat capacity measurements,
compacted glasses were relaxed to atmospheric pressure by heating them to the tem-
perature at which they were expected to have a viscosity of 1014 Pa s following the
procedures described above. Each heat capacity measurement consisted of three runs:
a blank run with empty sample and reference pans, a standard run with empty refer-
ence pan but using a pure α-Al2O3 disk in the sample pan, and finally the sample run
against an empty reference pan. Whenever possible, samples were prepared into thin
disks of ∼10-60 mg. Repeat measurements on the same disk returned the same values
of heat capacity within 2% and glass transition temperature within 5K. Calorimetric
measurements on the α-Al2O3 standard disk run as an unknown recovered values well
within 1% of the standard values (Ditmars et al., 1982). These tests were performed
with the same manipulations involved when measuring an unknown and therefore
take into account user-introduced errors. An analysis of the uncertainties in heat
capacity can be found in Robert et al. (2014). The minimum estimate of uncertainty
on CP is ∼0.4 Jmol−1K−1.
5.3 Results
5.3.1 Viscometry
Figure 5.1 shows the viscosity results for the natural basaltic sample, fu06, and the
synthetic analogue, sb. Dotted lines are Tammann-Vogel-Fulcher (TVF) fits to the
data of the form logη = A + B/(T-C) where T is in Kelvin and A, B, and C are
fitting parameters. The data are reported in Tables 5.3-5.7, and TVF fits in Table
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Figure 5.1: Viscosity data for the natural basaltic melts (a) containing H2O (open black
circles), H2O+F (open triangles), H2O+CO2 (open diamonds), H2O+CO2+F (crosses),
and F only (open squares), and for Fe-free synthetic basaltic analogue melts (b) containing
H2O (closed circles), H2O+F (closed triangles), and F only (closed squares). Water contents
in wt.% for water-only samples are in black boxes next to each data set. Fluorine contents
in wt.% for F-only samples in grey boxes next to each data set. Other samples as marked in
legend; samples with highest volatile contents are at the low-temperature end of the figure.
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5.8. In Figure 5.1a, the viscosity of natural basalt fu06 with F, H2O+F, H2O+CO2,
or H2O+F+CO2 is compared to the viscosity of hydrous fu06. H2O reduces the
viscometric glass transition temperature T12 defined as the temperature at which
the samples have a viscosity of 1012 Pa s. Adding 2.3 wt.% H2O to fu06, reduces
T12 by 180 K (sample fu06+2.29H2O). The addition of ∼2 wt.% F reduces T12 by
32 K relative to the volatile-free fu06 (fu06+2.02F). In Figure 5.1b, the viscosity of
synthetic basalt sb with F and H2O+F are compared to the viscosity of hydrous sb.
Adding 3.0 wt.% H2O to sb reduces T12 by 210 K, and ∼1.3 wt.% reduces T12 by
105 K (sb+3.02H2O and sb+1.31H2O, respectively). The addition of ∼1 wt.% F to
sb results in a reduction of T12 by 27 K.
5.3.2 Calorimetry
The data are reported in Tables 5.9-5.12b. Heat capacity data obtained on samples
containing only H2O have been previously published in Robert et al. (2014). The data
on hydrous samples are compared here to heat capacity data for samples containing
only fluorine or multiple volatiles (Figure 5.2). In the rare cases where samples
underwent degassing or crystallization during the measurements, as confirmed by a
heat capacity decrease below glass values at high temperatures, sample weight change,
or visual inspection, the data in Figure 5.2 are only plotted up to the glass transition
and these data are annotated in Tables 5.9-5.12b. Volatiles have no discernible effect
on the heat capacity of the glasses.
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Figure 5.2: Heat capacity data for the natural basaltic melts (a), and Fe-free synthetic
analogues (b). Symbols as in Figure 5.1, but symbols for samples containing H2O only
alternate between black and grey circle outlines for the natural samples or solid grey and
black circles for the analogue samples. Data shown as continuous lines collected in the
Netzsch calorimeter for samples sb-dry, sb+0.34F, and sb+1.06F that go through the glass
transition near or at higher temperatures than 950K. Horizontal dashed line marks the
Dulong-Petit harmonic limit of 3R/g atom.
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Table 5.3: Hydrous sb viscosity data
wt.%(mol.%) H2O T (
◦C) T (K) log η (Pa s) order sample
0.01(0.04) 674.2 947.4 13.62 6b sb-dry
0.01(0.04) 701.6 974.8 12.33 9a sb-dry
0.01(0.04) 706.3 979.5 12.03 8a sb-dry
0.01(0.04) 709.6 982.8 12.10 4b sb-dry
0.01(0.04) 718.6 991.8 11.67 3b sb-dry
0.01(0.04) 721.2 994.3 11.50 11a sb-dry
0.01(0.04) 725.6 998.8 11.39 7b sb-dry
0.01(0.04) 732.8 1006.0 11.10 8b sb-dry
0.01(0.04) 736.2 1009.4 10.91 12a sb-dry
0.01(0.04) 740.9 1014.1 10.77 9b sb-dry
0.01(0.04) 746.1 1019.3 10.53 13a sb-dry
0.01(0.04) 752.2 1025.4 10.33 1b sb-dry
0.01(0.04) 756 1029.2 10.14 14a sb-dry
0.01(0.04) 762 1035.2 9.97 2b sb-dry
0.01(0.04) 766 1039.2 9.78 15a sb-dry
0.63(2.08) 626.8 900.0 12.16 6 sb-11 top
0.63(2.08) 642.5 915.7 11.61 10 sb-11 top
0.63(2.08) 653.6 926.8 11.10 5 sb-11 top
0.63(2.08) 664.2 937.35 10.75 9 sb-11 top
0.63(2.08) 668 941.2 10.47 4 sb-11 top
0.63(2.08) 677.8 951.0 10.20 8 sb-11 top
1.31(4.25) 604.1 877.3 11.98 9 sb-12 top
1.31(4.25) 613.8 887.0 11.56 11 sb-12 top
1.31(4.25) 623.7 896.85 11.18 13 sb-12 top
1.31(4.25) 627.9 901.1 11.03 10 sb-12 top
1.31(4.25) 633.1 906.3 10.80 7 sb-12 top
1.31(4.25) 642.6 915.8 10.44 8 sb-12 top
1.31(4.25) 647.1 920.3 10.33 12 sb-12 top
1.31(4.25) 660.3 933.5 9.67 6 sb-12 top
1.98(6.33) 534.2 807.4 12.22 7 sb-16 top
1.98(6.33) 553.4 826.6 11.52 8 sb-16 top
1.98(6.33) 559.5 832.7 11.24 10 sb-16 top
1.98(6.33) 563.7 836.9 11.01 5 sb-16 top
1.98(6.33) 573.2 846.4 10.64 6 sb-16 top
1.98(6.33) 582.4 855.6 10.23 4 sb-16 top
1.98(6.33) 591.5 864.7 9.95 9 sb-16 top
3.02(9.43) 511 784.2 11.53 12 sb-14 top
3.02(9.43) 515.8 789.0 11.36 14 sb-14 top
3.02(9.43) 518 791.2 11.14 11 sb-14 top
3.02(9.43) 524.5 797.7 10.95 13 sb-14 top
3.02(9.43) 525.4 798.6 11 15 sb-14 top
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Table 5.4: Hydrous fu06 viscosity data
wt.%(mol.%) H2O T (
◦C) T (K) log η (Pa s) order sample
0.01(0.04) 639.2 912.4 13.13 9 fu06 dry
0.01(0.04) 648.7 922.9 12.49 8 fu06 dry
0.01(0.04) 659.3 932.5 11.93 7 fu06 dry
0.01(0.04) 674.4 947.6 11.22 6 fu06 dry
0.01(0.04) 684.8 958.0 10.8 5 fu06 dry
0.01(0.04) 694.8 968.0 10.4 4 fu06 dry
0.01(0.04) 705 978.2 10.04 3 fu06 dry
0.01(0.04) 710.7 984.0 9.80 1 fu06 dry
0.01(0.04) 721.1 994.3 9.48 2 fu06 dry
1.18(4.04) 572.3 845.5 11.6 8 fu06-07top
1.18(4.04) 582.1 855.3 11.13 6 fu06-07top
1.18(4.04) 589.5 862.7 10.92 7 fu06-07top
1.18(4.04) 592.3 865.5 10.64 4 fu06-07top
1.18(4.04) 598 871.2 10.51 5 fu06-07top
1.18(4.04) 609.6 882.8 9.93 3 fu06-07top
1.18(4.04) 615.6 888.8 9.87 9 fu06-07top
1.44(4.89) 553.3 826.5 11.56 7 fu06-06top
1.44(4.89) 563 836.2 11.26 5 fu06-06top
1.44(4.89) 568 841.2 11.03 3 fu06-06top
1.44(4.89) 572.5 845.7 10.81 6 fu06-06top
1.44(4.89) 577.2 850.4 10.72 4 fu06-06top
1.44(4.89) 581.2 854.4 10.28 2 fu06-06top
1.44(4.89) 591.5 864.7 9.81 8 fu06-06top
2.29(7.63) 510.1 783.3 11.37 12 fu06-03centre
2.29(7.63) 515 788.2 11.18 14 fu06-03centre
2.29(7.63) 520.8 794.0 10.89 10 fu06-03centre
2.29(7.63) 524.5 797.7 10.76 11 fu06-03centre
2.29(7.63) 530.1 803.3 10.55 13 fu06-03centre
2.29(7.63) 533.2 806.4 10.25 8 fu06-03centre
2.29(7.63) 538.1 811.3 10.14 9 fu06-03centre
2.70(8.90) 483.8 757.0 11.13 6 fu06-04centre
2.70(8.90) 500.2 773.4 10.47 4 fu06-04centre
2.70(8.90) 504.9 778.1 10.34 5 fu06-04centre
2.70(8.90) 509.4 782.6 10.01 3 fu06-04centre
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Table 5.5: sb viscosity data – F and H2O
wt.%(mol.%) H2O wt.%(mol.%) F T (
◦C) T (K) log η (Pa s) order sample
0.30(0.95) 724.6 997.8 11.43 7 sb+1Ftr
0.30(0.95) 740.9 1014.1 10.93 6 sb+1Ftr
0.30(0.95) 747.2 1020.4 10.61 5 sb+1Ftr
0.30(0.95) 748.4 1021.6 10.44 9 sb+1Ftr
0.30(0.95) 771.4 1044.6 9.72 3 sb+1Ftr
0.30(0.95) 776.6 1049.8 9.51 2 sb+1Ftr
0.30(0.95) 793.2 1066.4 8.84 8 sb+1Ftr
0.34(1.07) 681.3 954.5 13.00 6 sbFgr
0.34(1.07) 700.4 973.6 12.09 5 sbFgr
0.34(1.07) 710.6 983.8 11.69 4 sbFgr
0.34(1.07) 720.5 993.7 11.26 3 sbFgr
0.34(1.07) 736.9 1010.1 10.60 8 sbFgr
0.34(1.07) 742.5 1015.7 10.39 1 sbFgr
0.34(1.07) 752.6 1025.8 10.04 2 sbFgr
0.34(1.07) 761.8 1035.0 9.70 9 sbFgr
0.34(1.07) 771.9 1045.1 9.34 10 sbFgr
1.06(3.29) 692.6 965.8 11.50 10 sb+3Ftr
1.06(3.29) 708.2 981.4 10.85 8 sb+3Ftr
1.06(3.29) 716.0 989.2 10.52 9 sb+3Ftr
1.06(3.29) 724.9 998.1 10.17 11 sb+3Ftr
1.06(3.29) 728.2 1001.4 10.04 6 sb+3Ftr
1.06(3.29) 730.0 1003.2 9.98 7 sb+3Ftr
1.06(3.29) 733.2 1006.4 9.82 4 sb+3Ftr
1.06(3.29) 743.9 1017.1 9.48 5 sb+3Ftr
0.55(1.80) 0.34(1.06) 630.8 904.0 11.83 9 sbF-1
0.55(1.80) 0.34(1.06) 652.4 925.6 10.94 7 sbF-1
0.55(1.80) 0.34(1.06) 662.9 936.1 10.50 5 sbF-1
0.55(1.80) 0.34(1.06) 664.5 937.7 10.47 8 sbF-1
0.55(1.80) 0.34(1.06) 669.2 942.4 10.27 6 sbF-1
0.55(1.80) 0.34(1.06) 678.1 951.3 9.91 4 sbF-1
0.55(1.80) 0.34(1.06) 679.8 953.0 9.91 11 sbF-1
0.55(1.80) 0.34(1.06) 687.9 961.1 9.63 10 sbF-1
126
Table 5.6: fu06 viscosity data – F only
wt.%(mol.%) F T ( ◦C) T (K) log η (Pa s) order sample
0.60(1.98) 655.9 929.1 11.39 6 fu06+0.35F
0.60(1.98) 662.2 935.4 11.14 4 fu06+0.35F
0.60(1.98) 673.1 946.3 10.68 2 fu06+0.35F
0.60(1.98) 680.4 953.6 10.40 3 fu06+0.35F
0.60(1.98) 690.1 963.3 10.05 5 fu06+0.35F
0.60(1.98) 694.3 967.5 9.91 7 fu06+0.35F
0.60(1.98) 698.6 971.8 9.74 8 fu06+0.35F
0.60(1.98) 699.1 972.3 9.71 1 fu06+0.35F
1.14(3.71) 641.6 914.8 11.53 6b fu06+1F
1.14(3.71) 646.3 919.5 11.39 7b fu06+1F
1.14(3.71) 652.0 925.2 11.09 4b fu06+1F
1.14(3.71) 664.8 938.0 10.61 7a fu06+1F
1.14(3.71) 666.8 940.0 10.49 5b fu06+1F
1.14(3.71) 669.8 943.0 10.32 5a fu06+1F
1.14(3.71) 671.6 944.8 10.33 2b fu06+1F
1.14(3.71) 675.2 948.4 10.10 3a fu06+1F
1.14(3.71) 675.6 948.8 10.15 3b fu06+1F
1.14(3.71) 676.4 949.6 10.17 10a fu06+1F
1.14(3.71) 680.0 953.2 10.03 8a fu06+1F
1.14(3.71) 682.3 955.5 9.97 8b fu06+1F
2.02(6.43) 652.9 926.1 10.65 3a fu06+2F
2.02(6.43) 657.3 930.5 10.61 6a fu06+2F
2.02(6.43) 660.8 934.0 10.35 2b fu06+2F
2.02(6.43) 662.3 935.5 10.36 4a fu06+2F
2.02(6.43) 664.7 937.9 10.41 8b fu06+2F
2.02(6.43) 666.0 939.2 10.32 5a fu06+2F
2.02(6.43) 666.5 939.7 10.32 7a fu06+2F
2.02(6.43) 667.8 941.0 10.10 4b fu06+2F
2.02(6.43) 671.3 944.5 9.95 2a fu06+2F
2.02(6.43) 672.3 945.5 9.92 3b fu06+2F
2.02(6.43) 675.7 948.9 9.69 1b fu06+2F
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Table 5.8: TVF fits to the viscosity data
sample A B C T12 (K)
fu06-01, fu06-02, fu06-dry -8.82 8998.3 500.5 932
fu06-07 -8.64 8997.6 400.6 838
fu06-06 -9.63 8997.7 404.4 821
fu06-03 -9.41 8995.9 350.8 771
fu06-04 -8.72 8994.8 304.2 751
fu06-0.5H2O-F -5.58 6002.3 475.5 822
fu06-1.5H2O-F -5.28 5984.6 421.4 770
fu06-0.5H2O-CO2 -10.00 9866.3 403.3 852
fu06-1H2O-CO2 -5.33 5822.1 503.1 839
fu06-1.5H2O-CO2 -4.65 6244.2 429.2 804
fu06-0.5H2O-CO2-F -4.18 4416.3 549.1 817
fu06-1.5H2O-CO2-F -4.00 4975.2 459.2 768
fu06-0.35F -5.88 6964.7 525.8 915
fu06-1F -4.00 5409.7 566.9 905
fu06-2F -4.00 4893.1 594.7 901
sb1Ftr -4.00 5335.2 653.9 987
sbFgr -4.02 5672.0 621.8 976
sb3Ftr -4.00 5256.8 626.9 955
sbF-1 -4.00 5547.3 553.7 900
sb-01, sb-02 -5.24 6860.4 584.5 983
sb-11 -4.00 5865.3 538.1 905
sb-12 -4.63 6008.7 516.5 878
sb-16 -4.04 5647.9 461.6 814
sb-14 -4.00 5877.9 405.2 773
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Table 5.10: Heat capacity data for sb, H2O, F
sbF+1 sbF+3
Phase T(K) CP (Jmol
−1K−1) Phase T(K) CP (Jmol−1K−1)
g 340.2 50.583 g 340.2 49.768
g 365.2 52.499 g 365.2 51.719
g 390.2 54.272 g 390.2 53.471
g 415.2 55.823 g 415.2 55.069
g 440.2 57.256 g 440.2 56.575
g 465.2 58.563 g 465.2 57.954
g 490.2 59.735 g 490.2 59.220
g 515.2 60.886 g 515.2 60.460
g 540.2 61.800 g 540.2 61.486
g 565.3 62.712 g 565.3 62.512
g 590.3 63.564 g 590.3 63.493
g 615.2 64.294 g 615.2 64.504
g 640.3 65.076 g 640.3 65.668
g 665.3 65.739 gt 665.3 66.941
g 690.2 66.505 gt 690.2 68.184
g 715.2 67.282 gt 715.2 69.873
g 740.3 68.007 gt 740.3 73.517
g 765.2 68.584 gt 765.2 84.471
g 790.2 69.346 la 790.2 97.207
g 815.2 70.099 la 815.2 85.513
gt 840.3 71.094 la 840.3 67.488
gt 865.2 72.332
gt 890.2 73.849
gt 915.3 76.727
gt 940.2 91.761
l 965.2 97.520
l 990.2 95.617
l 1015.3 95.233
a Crystallization.
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Figure 5.3: Comparison of the change in the viscometric glass transition temperature (taken
as T12) vs. the change in the calorimetric glass transition temperature due to the addition
of volatiles relative to a volatile-free sample. Dashed line marks the perfect 1:1 relationship
between the two metrics. Thinner dashed lines on either side mark a ± 10K deviation.
Samples containing F only, or containing multiple volatiles, behave similarly to
water-only samples. That is, all samples with a given total volatile content undergo
a similar increase in heat capacity at the glass transition (∆CP (Tg)). Fluorine does
not seem to affect the configurational entropy at the glass transition of the samples
any differently than water does. The same reduction in the glass transition temper-
ature is observed in the heat capacity data as in the viscosity data (see Figure 5.3),
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although in most cases Tcalg > T12 because of the shorter experimental timescales in
the calorimetry experiments.
5.4 Discussion
5.4.1 Effect of a single volatile on the glass transition
Water has a much stronger effect on the glass transition than fluorine, on a molar
basis, when the volatiles are considered individually (Figure 5.1, and see sb+F vs.
sb+H2O and fu06+F vs. fu06+H2O in Figure 5.4b, d). This observation supports the
conclusions from some previous authors that fluorine is not as efficient at reducing
viscosity as water is, on a molar basis (e.g., Giordano et al., 2004), and that the effect
of fluorine decreases with decreasing SiO2 content (e.g., Dingwell et al., 1985).
5.4.2 Combined effects of volatiles on the glass transition
We were unable to synthesize samples containing multiple volatiles with exactly the
same water contents as samples containing only H2O, but although direct comparisons
are impossible, some conclusions may still be drawn. The viscosity data show that
CO2 may have a small viscosity-reducing effect at low water contents (<1 wt.% H2O).
Samples fu06+1.18H2O and fu06+0.84H2O+0.09CO2 have a similar viscosity. There
seems to be little to no effect of CO2 at higher water contents or in the presence of
water and fluorine (e.g., fu06+1.62H2O+0.22CO2, fu06+1.77H2O+1.31F+0.23CO2;
Figure 5.1). This can also be seen in Figure 5.4c, where the CO2-bearing sample at
∼3 mol.% H2O has a lower T12 than a sample containing the same amount of only
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Figure 5.4: Calorimetric glass transition temperature vs. sample water content in mol.% (a)
or total volatile content in mol.%, where fluorine is reported as mol.% F2. (b). Numbers
next to each symbol indicate F2 or CO2 contents (a). Numbers next to each symbol refer
to water content (b). Grey labels refer to fu06, black labels refer to sb. Bottom panels c
and d show the viscometric glass transition T12 vs. sample water content only (c) or total
volatile content (d). Grey dashed lines highlight the natural samples, and black dashed lines
the synthetic samples. Error bars for volatile contents are shown on lower panels. Error
bars for F-only samples are smaller than symbol size.
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H2O would have. A CO2 content of 0.09 wt.% represents only 0.13 mol.%, because
CO2 has a higher molar mass than the other two volatiles (44.01 vs. 18.02 and 38.00
g for H2O and F2, respectively), and could imply that CO2 has a greater effect than
H2O on a molar basis, at least at low water contents. The uncertainties on these low
CO2 and H2O content samples are relatively large (Table 5.2, and shown on the lower
panels in Figure 5.4), however, and caution should be used in the interpretation of
the viscosity results. Since it is difficult to synthesize a melt containing CO2 without
H2O also being present (see Bourgue and Richet, 2001; Morizet et al., 2007), we
cannot comment on potential CO2/H2O interactions at higher CO2 contents. We
can conclude that the effect of CO2 on melt viscosity should be negligible in shallow
basaltic magmas.
The addition of fluorine to a hydrous melt clearly reduces viscosity further, but its
effects appear to be smaller than those of water. For example, samples fu06+2.29H2O
and fu06+1.59H2O+1.31F have similar viscosities, whereas a sample with 2.29 wt.%
total volatiles, sample fu06+1.04H2O+1.25F, has a higher viscosity (Figure 5.1).
When only the water content of the samples is taken into consideration, one sees
that the samples containing a significant amount of fluorine in addition to water
deviate from the trend defined by the water-only or water+CO2 samples (Figure
5.4a,c). Indeed, samples containing both volatiles show Tcalg lower than that of samples
containing the same amount of water alone (Figure 5.4a). When considering the total
volatile content, samples containing water and fluorine show the same Tg reduction
as samples with more H2O, on a molar basis, and with fluorine expressed as F2 (e.g.,
4.04 mol%H2O and 3.47 mol.%H2O+1.98 mol%F2).
Viscosity results for sb show that ∆T12 is 7 K for the addition of 0.34 wt.%F, 78 K
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from the addition of 0.63 wt.%H2O, and 82 K for the addition of 0.55 wt%H2O+0.34
wt.%F. Viscosity results for fu06 show that the addition of 1.14 wt.%F results in
∆T12 of 27 K, the addition of 1.18 wt.%H2O in ∆T12 of 94 K and the addition of
1.04 wt.%H2O+1.25 wt.%F in a ∆T12 of 110 K. These results suggest the effects of
F and H2O on viscosity and the glass transition temperature to be nearly additive,
on a wt.% basis, but more data are needed to be conclusive. In any case, our data
do not suggest a strong departure from additivity such as was observed in the system
NaAlSi3O8-H2O-F2O−1 studied by Dingwell (1987).
5.4.3 Comparison with literature data
Several previous studies have investigated the effect of CO2 or F on the viscosity near
the glass transition or calorimetric glass transition temperature of melts (Bourgue and
Richet, 2001; Morizet et al., 2007; Zimova and Webb, 2007; Barber, 2007; Baasner
et al., 2013). The trends for samples containing both CO2 and H2O, from this study
and the study of Morizet et al. (2007) on jadeite and phonolite, do not deviate signif-
icantly from the trends defined by samples containg only H2O. This was interpreted
by Morizet et al. (2007) to indicate no effect of CO2 on viscosity. The K2O-SiO2
melts studied by Bourgue and Richet (2001), however, do show a measurable effect
of CO2 on viscosity, defining a vertical trend on Figure 5.5a.
The effect of F on T12 depression is clearly a strong function of polymerization,
as can be seen in Figure 5.5b comparing our data with those from dacitic (Barber,
2007), Na2O-Fe2O3-Al2O3-SiO2 (Zimova and Webb, 2007), and (Al2O3)-Na2O-CaO-
SiO2 systems (Baasner et al., 2013). The T12 of sample NCS with ∼2 mol.% of F
(NBO/T = 0.68) is similar to what is measured for fu06 (NBO/T = 0.64) for roughly
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Figure 5.5: Comparison of literature data with data from this study. All data from this
study compared to K2O-SiO2 melts with CO2 from Bourgue and Richet (2001) (BR01),
jadeite and haplophonolite containing CO2 and H2O from Morizet et al. (2007) (M07) as
the calorimetric glass transition vs. H2O content (mol.%) for M07 and viscometric T12 for
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tion. Fluorine data reported as mol.% F.
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the same F content, and follows the trend of T12 depression defined by the basaltic
samples. More polymerized samples have much larger ∆T12 as F is added. For exam-
ple, the sample of Zimova and Webb (2007) with NBO/T = 0.06 falls on the trend
defined by the dacite samples of Barber (2007) (NBO/T = 0.10). This may suggest
that the dissolution mechanisms of F in polymerized melts cause more depolymeriza-
tion, although the behaviour of the two peraluminous melts from Zimova and Webb
(2007) is inconsistent with the overall trend.
5.4.4 Effect of iron
By comparing our results for the Fe-free melt sb and Fe-bearing melt fu06, we see
that F affects both melts more or less equally (Figure 5.4). Ferrous iron represents
0.46Fetotal in the remelted fu06 dry glasses synthesized in air. Fe-bearing fu06 sam-
ples containing multiple volatiles were synthesized in IHPV with reducing conditions
(QFM at water saturation; Berndt et al., 2002), resulting in Fe2+/Fetotal ratios ranging
from ∼0.80-0.90. Sample fu06-04 is the only sample containing only H2O for which
reducing conditions were used during synthesis. All other hydrous samples were not
synthesized under reducing conditions, and the iron oxidation ratios in these samples
is controlled by their H2O contents and the intrinsic buffer of the IHPV (QFM+3.3;
Schuessler et al., 2008) via the reaction Fe2O3 + H2
 2FeO + H2O. As water content
increases for the hydrous samples, Fe2+/Fetotal decreases from ∼0.8 to 0.6. The hydro-
gen pressure is roughly constant during synthesis, without the addition of hydrogen
to the pressure medium. All hydrous samples are more reduced than the anhydrous
fu06 remelt.
Previous studies on the effect of iron oxidation on viscosity agree that reduction
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of Fe from oxidized conditions reduces viscosity, with minimal or no further effect
once Fe2+/Fetotal is greater than 0.5 (e.g., Dingwell and Virgo, 1987; Dingwell, 1991;
Liebske et al., 2003). All of the water-bearing samples investigated in this study have
Fe2+/Fetotal ratios between ∼0.60-0.90. We therefore expect little effect on viscosity
due to the different iron oxidation ratios between the water-bearing samples. The
main effect should be between the dry, more oxidized samples synthesized in air
and the water-bearing samples. Comparison of the effects of H2O only on the Fe-
free sb and Fe-bearing fu06 melts, however, shows essentially the same magnitude
of viscosity decrease for the first ∼2 mol.% H2O added, and parallel trends in glass
transition temperature depression with increasing water content (see Figure 5.4). We
therefore conclude that the Fe oxidation ratio of samples has no significant effect on
the viscosity of hydrous melts within the range 0.6-0.9Fe2+/Fetotal.
Potential differences in solution mechanisms for F between the two melts are
unlikely to come from a preferential association of F with Fe3+ over Fe2+ or Mg2+
in fu06. Moreover, we note that, as water seems to affect the Fe-bearing and Fe-
free melts similarly, Fe3+-OH complexes do not appear to be an important solution
mechanism affecting viscosity in the basaltic melts studied here, making Mg2+ a
suitable substitute for Fetotal in analogue studies.
5.4.5 Solution mechanisms
F
Studies of the influence of F on viscosity may be categorized in the following ways:
(i) studies of polymerized, silica-rich systems, that are alumina-bearing (Dingwell
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and Mysen, 1985; Dingwell et al., 1985; Zimova and Webb, 2007; Bagdassarov et al.,
1993; Barber, 2007; Baasner et al., 2013) or alumina-free (Dingwell and Hess, 1998)
(ii) studies of depolymerized, silica-poor systems (Dingwell, 1989, alumina-free), and
(iii) studies of Fe-bearing melts (Zimova and Webb, 2007; Dingwell and Hess, 1998).
Of those studies, only that of Barber (2007) is a complex, multi-component melt close
in composition to a natural melt. The melts we studied are calc-alkaline, relatively
high-Al depolymerized melts, with one Fe-bearing natural melt (fu06) and one Fe-free
analogue (sb). Direct comparisons of the magnitude of the influence of F on viscosity
between the different systems are difficult. In many of the studies, the effects of F
cannot be separated from the metal cation in the added fluoride used to introduce
F in the melt (e.g., CaF2 or AlF3 in this study). In others, water and F are both
present in all melts. However, in all systems studied, F was always found to reduce
the viscosity of the melt relative to an F-free equivalent.
Dingwell et al. (1985) and Dingwell (1989) studied the effects of F on viscosity at
superliquidus temperatures in the system Na2O-Al2O3-SiO2, relevant to polymerized,
alkali-bearing high-silica natural melts, and on diopside, as an analogue for very
depolymerized (i.e., low SiO2 – but alumina-free) melts. The effects of fluorine on
viscosity were found to be much greater in SiO2-rich melts. The correlation of the
magnitude of the viscosity-reducing effect of F with SiO2 can be interpreted as F
primarily dissolving in polymerized silicate melts by substituting for bridging oxygens
in the Si-O-Si network and forming non-bridging F or ‘terminal F’. Alternatively, F
can dissolve in fully-polymerized melts (NBO/T = 0) by forming Na-F and/or Al-
F complexes independent of the network (Mysen and Virgo, 1985). A recent NMR
spectroscopic study on fluorine-bearing Na2O-CaO-Al2O3-SiO2 polymerized glasses
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found F associated only with network-forming cations Al and Si in peraluminous
glasses via Si-F-Na, Al-F-Ca, Al-F-Al and Al-F-Na complexes.
In peralkaline glasses, however, F also bonds with network-modifying cations via
F-Ca and F-Na complexes, with F-Ca being the most abundant (Baasner et al., 2014).
The weak effect of F on the viscosity of (Al-free) diopside and Raman spectroscopic
studies of the structure of F-bearing glasses in which the metal cation is Ca or Na
(Mysen and Virgo, 1985; Luth, 1988) that show little interaction between Si and F,
suggested F may dissolve in the diopside melts by forming charge-neutral (Ca,Mg)-F2
complexes, effectively removing some network modifying cations from that role and
increasing the proportion of O that can bridge between tetrahedrally-coordinated Si
cations. In this scenario, the (Ca,Mg)-F2 complexes are envisaged to be the control
on viscosity and outweigh the effects of increasing polymerization, as F is always
observed to reduce the viscosity of the melts it is added to (Dingwell, 1989).
Recent NMR spectroscopic studies confirm that when alkali or alkaline-earth
cations are present in an aluminosilicate glasses, the cations with higher field strength
are preferred by F, with cations such as Mg2+ becoming increasingly able to compete
for F with Al3+ (e.g., Kiczenski and Stebbins, 2006; Kiczenski et al., 2004; Zeng and
Stebbins, 2000). As recently corroborated by Baasner et al. (2014), Kiczenski and
Stebbins (2006) had found F associated in greater proportion with metal cations in
glasses with M/Al >1, whereas F-Al environments dominate when M/Al ∼0.5. These
more recent studies, however, also detect a small proportion of Si-F environments,
suggesting the Si-F interaction may be present in all silicate melts (Kiczenski et al.,
2004). Moreover, the proportion of Si-F environments increases with increasing fictive
temperature, making the proportions of Si-F bonding detected in glasses minimum
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estimates for what would exist in the melt (Kiczenski and Stebbins, 2006).
In the high-alumina, high-Mg melts studied here, we expect any depolymerization
caused by F to occur via F-Al complexes that remove Al from tetrahedral cordination,
in addition to a small proportion of Si-F probably present in all F-bearing silicate
melts. Baasner et al. (2014) found that water in peralkaline NCAS glasses had a
strong influence on F speciation by promoting F-Ca over F-Al environments, and
interpreted this as indicating that OH-Al complexes are much more favourable than
F-Al complexes. This could help explain the smaller viscosity-reducing powers of F
relative to water in increasingly depolymerized melts.
CO2
CO2 dissolves in silicate melts as molecular CO2 or as carbonate CO
2−
3 . Dissolution
as carbonate dominates in depolymerized melts, whereas polymerized and silica-rich
melts may contain both species (see Mysen, 2012, and references therein). Viscosity
and calorimetric measurements are performed near the glass transition and the CO2
speciation in these supercooled liquids is expected to be similar to that measured
on glasses. At higher temperatures, in the low viscosity range, molecular CO2 is
expected to be more abundant (Guillot and Sator, 2011; Spickenbom et al., 2010;
Nowak et al., 2003). It has been proposed that carbonate can enter the silicate
network by essentially becoming the bridge between two tetrahedrally-coordinated
cations: Si-Ocarb-C-Ocarb-Si/Al, where Ocarb denotes a bridging oxygen also part of
the CO2−3 molecule in polymerized aluminosilicate melts (e.g., Brooker et al., 1999,
and references therein). The third oxygen of the carbonate molecule is not bound to
tetrahedrally-coordinated cations. Molecular CO2, when present, is not necessarily
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decoupled from the network. IR and NMR spectra support a fixed position for the
CO2 molecule, rather than one that can freely rotate, suggesting there may be weak
interactions between the carbon atom of the CO2 molecule and the bridging oxygens
of the network (Brooker et al., 1999).
Nuclear magnetic resonance spectroscopic data show evidence for isolated alkali-
carbonate groups in Na2O-SiO2 melts (Mysen et al., 2011). In the K2O-SiO2 melts
studied by Bourgue and Richet (2001), CO2 is dissolved primarily as carbonate CO
2−
3 ,
as determined by Raman spectroscopy. The authors suggested unspecified “special
interactions” between CO2 and potassium to explain the strong effects of CO2 on
the viscosity of such depolymerized melts (NBO/T ∼1.5). Special interaction of CO2
with potassium seem to corroborate the results of Brearley and Montana (1989) and
White and Montana (1990) who found CO2 affected the viscosity of KAlSi3O8 more
than that of NaAlSi3O8 melt, and had no effect on NaCaAlSi2O7 melt at superliquidus
temperatures.
We did not observe a measurable effect of CO2 on viscosity in the presence of
H2O, therefore these potential solution mechanisms do not appear to affect the over-
all network polymerization of the calc-alkaline melts studied here. These “special
interactions” invoked by Bourgue and Richet (2001) could potentially have detectable
effects in alkali basalts, and especially lamprophyres, which are strongly enriched in
both potassium and CO2 compared to typical magmas.
5.4.6 Comparison with available viscosity models
The viscosity model by Giordano et al. (2008) is currently the only one that attempts
to predict the viscosity of silicate melts containing water and/or fluorine. The model
146
is empirical and its accuracy dependent on the quantity and quality of the viscosity
data in its database. Figure 5.6 shows the measured sample viscosity vs. the calcu-
lated sample viscosity for all dry, water-, fluorine-, and water- and fluorine-bearing
samples using the model of Giordano et al. (2008). Only the viscosity of the dry natu-
ral remelt is well predicted by the model. The viscosities of all volatile-bearing natural
melts are underestimated except for fu06+2.70H2O and fu06+1.59H2O+1.31F which
are overestimated. The viscosities of all Fe-free synthetic melts are underestimated.
The mismatch between the measured and calculated viscosities is not systematic, and
most of the viscosity data is underestimated by the Giordano et al. (2008) model by
more than one order of magnitude, and up to 3 orders of magnitude in some cases.
The model overestimates the effect of F alone on viscosity (see fu06+F and sb+F),
and because it treats the effects of H2O and F as additive, this results in the un-
derestimation of the viscosity of mixed volatiles melts. Viscosity measurements on
volatile-bearing depolymerized compositions are scarce in the low temperature range,
near the glass transition, and empirical viscosity models strongly rely on them. We
therefore do not find the mismatch between the measured and calculated viscosities
surprising. The discrepancies instead highlight the need for more viscosity measure-
ments to be made on complex, multi-component geologic melts.
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Figure 5.6: Comparison of the measured viscosity in our experiments with the calculated
viscosity obtained using the model of Giordano et al. (2008). Central long-dashed line rep-
resents a perfect match between the predicted and measured values, and the shaded area
represents ±1 log units. Each data set is labelled with the volatile content on the right.
Grey labels for natural samples, and black labels for synthetic samples.
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Chapter 6
Conclusion
In this work I aimed to quantify the effects of volatiles on the physical and thermal
properties of calc-alkaline basaltic liquids. I was primarily interested in the effects
of water on viscosity and heat capacity of basaltic and basaltic andesite liquids, as
water is by far the most abundant and important volatile in magmatic and volcanic
systems. Water is never the only volatile present in these systems, however, and I was
also interested in quantifying the effects on viscosity and heat capacity of combinations
of H2O, CO2, and F, with the specific goal of testing the additivity of their effects.
In this concluding section, I provide a summary of the main findings from each of the
four research chapters and discuss possible directions for future work.
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6.1 Summary
Chapters 2 and 3 show how water reduces the viscosity of calc-alkaline basaltic mag-
mas. The effect is particularly important at low temperatures, where the entropy of
mixing between water and anhydrous melt has the greatest effect. At supercooled
conditions, the addition of ∼2 wt.% H2O to basalt lowers viscosity by 4 orders of
magnitude; the addition of ∼2 wt.% H2O to basaltic andesite lowers viscosity by 5-6
orders of magnitude. At superliquidus temperatures, adding 2 wt.% H2O to basaltic
andesite results in a viscosity decrease by ∼1 order of magnitude. Typical eruption
temperatures for these magmas (1100-1200 ◦C) are high enough that they should stay
very fluid, even during degassing, unless significant crystallization occurs. Crystal-
lization in basaltic magmas will change the residual melt composition and increasing
the proportion of solids in the system will affect its rheology far more than due to
cooling alone.
The new viscosity data, along with viscosity data on hydrous calc-alkaline melts
from previous works, was described by a single, simple expression valid for a wide
range of H2O contents and for all temperatures relevant to magmatic and volcanic
processes. The expression reproduces 731 viscosity measurements on dry and hydrous
calc-alkaline liquids with SiO2 ranging between 50 and 77 wt.% with a RMSD of 0.73
log units. The expression can easily be incorporated in models investigating magmatic
and volcanic processes at subduction zones, and it predicts additional data not used
in its calibration better than more complex models. For example, it reproduces the
viscosity of the L03, L03*, V06, and V08 melts, all andesites, with a RMSD of 0.62
vs. 0.70 for the GRD model. However, it should be emphasized that the model should
not be applied to alkalic arc compositions.
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In Chapter 4, our measurements of the heat capacity of dry and hydrous calc-
alkaline basaltic glasses confirmed previous studies that showed that water does not
significantly affect the heat capacity of aluminosilicate glasses. Comparison between
our data and heat capacity data on more and less polymerized glasses and melts
showed that the configurational heat capacity at the glass transition increases with
increasing depolymerization (increasing NBO/T) and with increasing water content.
Measurements of the viscosity of calc-alkaline basaltic melts containing combina-
tions of the volatiles H2O, F, and CO2 presented in Chapter 5 showed the composi-
tional dependence of the effects of F on viscosity, and the near additivity of the effects
of F and H2O on viscosity. It also appears that CO2 does not affect the viscosity of
calc-alkaline basaltic melts. As with water alone, no effect of multiple volatiles on the
heat capacity of glasses was observed.
6.2 Relative importance of the different controls
on melt viscosity
This work was focused on the effect of water on the viscosity of mafic calc-alkaline
melts, over a range of magmatic and volcanic temperatures. Melt viscosity is a
function of (i) melt temperature, (ii) melt composition, and (iii) dissolved water
content. A magma may contain crystals and bubbles as suspensions in a melt. A
magma’s rheology (i.e., the way it flows in response to an applied stress) therefore
depends on (i) the melt viscosity, (ii) the fraction, size distribution, and shapes of
crystal, (iii) the fraction, size distribution, and shapes of bubbles, and (iv) the strain
rate. It quickly becomes difficult to assess the relative importance of the different
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controls on melt viscosity and magma rheology. An attempt is nevertheless made in
the following subsections.
6.2.1 Melt temperature
For a nominally dry, natural calc-alkaline basalt, cooling by ∼250 ◦C in a magma
chamber from ∼1600 to 1350 ◦C is required to increase melt viscosity by 1 log unit.
In a cooler lava flow at the surface, cooling by only 25 ◦C, from ∼700 to 675 ◦C, will
result in the same viscosity increase.
6.2.2 Melt water content
For a natural calc-alkaline basalt, a loss of 0.3 wt.% H2O, from 0.3 to 0 wt.% H2O,
will increase melt viscosity by 1 log unit at 700 ◦C. At 1350 ◦C, degassing of nearly
4 wt.% H2O to nominally dry conditions is required to produce the same viscosity
increase. The effect of water on viscosity is also greater at low water contents. The
same natural calc-alkaline basaltic melt undergoing degassing from ∼2.3 to 2 wt.%
H2O at 700
◦C will only increase its viscosity by ∼0.3 log units.
6.2.3 Magma crystal content
Crystals will start affecting magma rheology significantly as the probability of crystal
clusters or of the formation of a crystal network increases. The effect of crystals on
rheology therefore becomes important at the higher crystal fractions, and the initial
stages of crystallization of a magma just below the liquidus temperature may not
cause any change in the way the magma will respond to stress. Equant phases, that
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may be approximated as rigid spheres, should also require larger crystal fractions than
tabular phases before a significant effect on rheology is measured. Moreover, tabular
phases may align during flow and effectively facilitate flow rather than impede it.
Most models of solid particle suspension rheology show that the effect of crystals on
rheology becomes important at crystal fractions above 0.4 (Mader et al., 2013). Using
the Einstein-Roscoe equation as a first approximation of the effect of suspended crys-
tals, the viscosity of a natural basaltic magma with a polydisperse crystal fraction of
∼0.45 will have viscosity 10 times greater than the crystal-free melt (c.f. Equation 10
in Mader et al., 2013). Using a modified Einstein-Roscoe equation assuming random
packing of spherical particles yields a crystal fraction of 0.36 for the viscosity of the
magma to be 10 times greater than the crystal-free melt (c.f. Equation 7 in Spera,
2000).
6.2.4 Magma bubble content
Bubbles, unlike crystals, may readily deform during flow. Not only will the likelihood
of bubbles affecting magma rheology increase as the bubble fraction increases, but the
magma deformation rate will also influence exactly how the bubbly magma will re-
spond (Llewellin and Manga, 2005). A bubble’s equilibrium shape during deformation
is determined by the balance of the deforming, viscous stress and the restoring stress
(the surface tension) through the dimensionless capillary number, Ca, where sur-
face tension itself depends on melt water content (Llewellin and Manga, 2005; Mader
et al., 2013). Elongated bubbles may slide past each other during flow, potentially
promoting flow, whereas spherical bubbles may impede flow. Bubbles can therefore
increase or decrease a magma’s viscosity relative to bubble-free melt, depending on
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the flow conditions.
6.3 Future work
In Chapters 4 and 5, the heat capacity of dry and volatile-bearing liquids is only
briefly addressed. The results suggest that the heat capacity of liquids is temperature-
dependent. More specifically, the compositions investigated show a decrease in heat
capacity with increasing temperature above the glass transition. The accurate mea-
surement of the heat capacity of melts above the glass transition up to superliquidus
temperatures is crucial for the description of liquid heat capacity in thermodynamic
models (e.g., MELTS; Ghiorso and Sack, 1995; Asimow and Ghiorso, 1998; Gualda
et al., 2012). Thus far, the heat capacity of liquids has been approximated to be con-
stant above the glass transition and up to superliquidus temperatures. This appears
to be a correct approximation for liquids such as diopside (Lange et al., 1991), but
perhaps inaccurate for others. Moreover, this approximation is based on relatively
few measurements. The picture for hydrous and other volatile-bearing liquids is fur-
ther complicated by the fact that their heat capacity can only be measured up to
temperatures ∼100 K above the glass transition at ambient pressures. An accurate
description of heat capacity is also needed for thermodynamics-based modelling of
the viscosity of silicate melts via the configurational entropy theory of silicate melts
(e.g., Richet et al., 1986; Neuville and Richet, 1991; Whittington et al., 2009a).
In the theory of melt relaxation of Adam and Gibbs (1965), the relaxation prop-
erties of melts are related to their configurational entropy. The theory assumes that
structural relaxation times are determined by the probability of configurational rear-
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rangements in the melt. The structural relaxation time of a melt (τ) is proportional
to the relaxed Newtonian shear viscosity of a melt following the relationship:
τ =
η
G∞
(6.1)
where G∞ is the unrelaxed elastic shear modulus (a constant for silicate melts at
∼ 1010 Pa; Dingwell and Webb, 1990; Whittington et al., 2012). This relationship
represents the transition between viscous dissipation and elastic storage of strain
energy (Dingwell, 1995). Combining Equation 6.1 with the Adam-Gibbs theory of
melt relaxation gives (Richet, 1984):
η(T ) = Ae exp(
Be
TSconf
) (6.2)
where Ae is a pre-exponential constant, and Be is approximately a constant propor-
tional to the Gibbs free-energy barriers hindering rearrangements in the melt.
The variation of configurational entropy with temperature is defined as:
Sconf (T ) = Sconf (Tg) +
∫ T
Tg
CconfP
T
dT (6.3)
where CconfP is the difference in heat capacity between the melt and the glass and may
be obtained by calorimetry (Richet, 1984; Richet et al., 1986; Neuville and Richet,
1991). Combining Equations 6.2 and 6.3 with calorimetric measurements of config-
urational heat capacity (the difference between the heat capacity of the glass and
liquid at a given temperature) and viscometry measurements, Sconf (Tg) becomes a
fit parameter just like Ae and Be. It is important to note that S
conf (Tg) may be
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obtained by calorimety for congruently melting compositions and that the validity of
the configurational entropy theory has been tested on several compositions by Richet
et al. (1986).
The links between the form of the Adam-Gibbs (e.g., Equation 6.2) and TVF
equations (e.g., Equation 2.4), like those presented in Chapters 2 and 3, can be demon-
strated (Sipp et al., 2001), but the parameters in TVF expressions are still simple fit
parameters without underlying physical meaning. Nevertheless, such empirical mod-
els can still be appropriately applied to the modelling of magmatic processes until
more comprehensive datasets of heat capacity and viscosity can be produced for more
compositions of geologic relevance. Future work with the data presented in this thesis
should involve refining the empirical model for calc-alkaline hydrous liquid viscosity
and applying it to the thermal, chemical, and rheological evolution of calc-alkaline
liquids in volcanic arc environments during crystallization and degassing.
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Figure 6.1: Change in viscosity upon complete degassing of a basaltic andesite liquid during
ascent from the magma chamber at depth, assuming a magmatic water content of ∼2 wt.%
H2O and isothermal ascent at ∼1200 ◦C.
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Appendix A
Evaluation of uncertainties on heat
capacity measurements
There is no objective way of assessing the accuracy of the measured heat capacity in
traditional DSC experiments because the α-Al2O3 standard is used in every CP mea-
surement. We can nonetheless obtain a minimum estimate of accuracy by evaluating
the mismatch in the heat capacity measured for α-Al2O3 run as an unknown and the
Ditmars et al. (1982) standard values. In order to do this, the Ditmars et al. (1982)
standard heat capacity values of α-Al2O3 have to be fitted to an equation of the
form CP = a + bT + cT
−2 + dT−1/2 (Jmol−1K−1). We obtain an RMSDDitmars
of 0.07 Jmol−1K−1 for this fit. We can then obtain the RMSD of our data on
131111 Sapphire to this fit at the specific measurement temperatures. This RMSDCP
is 0.164 Jmol−1K−1. From this we estimate a 2σ = 2
√
RMSD2Ditmars +RMSD
2
CP
of 0.36 Jmol−1K−1. This evaluation assumes the standard values of Ditmars et al.
(1982) for α-Al2O3 are correct. Figure A.1 shows the Ditmars et al. (1982) values
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(with 1 % error bars), our fit to them, and two experiments in which α-Al2O3 was
run as an unknown. The uncertainty of 0.36 Jmol−1K−1 is smaller than the symbol
size on the scale of the graph.
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Figure A.1: Results from two different measurements of a pure α-Al2O3 disk (black and
grey circles) as compared with the standard values published by Ditmars et al. (1982) (open
circles) with 1% error bars. The solid grey line represents a fit to the Ditmars et al. (1982)
values of the form CP = a + bT + cT
−2 + dT−1/2 (Jmol−1K−1). The RMSD on the fit to
the Ditmars et al. (1982) data is 0.07 Jmol−1K−1.
We evaluated the reproducibility of our heat capacity measurements by measuring
the same disk of sample sba-10 (0.5 wt.% H2O) four times. The sample disk was not
relaxed prior to the first heat capacity determination. Figure A.2 shows the results
in the glass transition range, where we expect the largest differences between the
different runs. Two runs were performed on the same day, and two others on two
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other separate days. The data, average heat capacity, and standard deviation for each
temperature are reported in Table A.1. The standard deviation for all runs is less
than 1% of the CP at all temperatures, except at 940K where the standard deviation
of 1.5% is primarily due to kinetic effects associated with enthalpy relaxation. This
demonstrates the excellent reproducibility achievable even on hydrous samples within
and above the glass transition.
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Figure A.2: Repeat measurements of hydrous sample sba-10 across the glass transition. The
measurements on the sample disk were performed in the following order: (1) 140114 sba-
10 002, (2) 140114 sba-10 003, (3) 140115 sba-10, and (4) 140116 sba-10.
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Table A.1: Measurement reproducibility based on repeat runs
of sample sba-10
T (K) CP (Jmol
−1K−1) SD (Jmol−1K−1) % of CP
890 75.72 0.40 0.53
915 79.28 0.75 0.95
940 93.56 1.47 1.57
965 98.08 0.80 0.82
990 96.53 0.75 0.78
1015 95.75 0.67 0.70
SD: Standard deviation on 4 measurements.
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